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ABSTRACT
Approximately 50% of the Nation’s infrastructure was built over 40 years ago for a 50 year
service life according to the National Association of Corrosion Engineers [72]. To mitigate the cost
of major repair or replacement at 50 years, AASHTO now requires all new bridge construction to
have a 100 year service life. One of the main challenges in achieving this goal is avoiding
corrosion, especially in warm, saltwater environments like those found in the Southeastern
United States. Elements that cross the waterline (piles) are a weak link the infrastructure. Good
quality concrete easily maintains a service life of 75+ years, and as such, a potential solution is to
use corrosion resistant, high strength (150 ksi -240 ksi) stainless alloys which have been designed
to resist stress corrosion cracking. This study builds upon earlier corrosion studies by using the
same alloys compositions and determines/corroborates the limited information on their
mechanical properties. In addition, the feasibility of replacing grade 270 strand with a stainless
alloy strand with regards to both constructability and code provisions is discussed. The findings
are that the duplex family, specifically Duplex 2205 has an advantage over other high strength
stainless alloys. A limiting factor is the alloy has low ductility when cold worked to high strengths.
A ductility of only 2% for Duplex 2205 was found, whereas the ASTM A416 standard requires 3%
and typical grade 270 steel often exceeds 6% strain at fracture. Other than the limited ductility
at fracture, the Duplex 2205 and other high strength stainless steels have the potential, including
long term cost savings, to serve as an alternate strand material for elements exposed to corrosive
environments.
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CHAPTER 1: INTRODUCTION
There are currently three states, Florida, Virginia, and Georgia, that allow the use of high
strength stainless steel (HSSS) as prestressing strands [16, 55, 70]. The three states use HSSS to
avoid undergoing major repair only decades later due to the corrosion of the steel in the splash
zone [41,47,54]. Because of this corrosion, coastal states, as well as all states which deice the
bridge deck, desire a better option. The American Association and State Highway Officials
(AASHTO) recommends having a design service life of 100 years for new bridges. In addition, to
“restore and improve infrastructure” is one of the National Academy of Engineering’s (NAE)
grand challenges. It is unclear why only three states have these standards, but the lack of
experience, data, and design guidelines are the primary obstacles.
A responsible design engineer is never the first (or the last) to use a new material. Design
innovation requires independent, careful, and objective research from multiple institutions and
organizations to create a body of knowledge to determine decisions regarding which building
materials to use and to improve the materials used. This research helps establish the design
practice of structural engineers to meet the 21st generation challenges posed by AASHTO and
NAE by collecting the history and experimentation of using HSSS as a prestressing strand. This
work also includes design development and assumption validations for design engineers to
translate methods used for plain carbon steel to methods used for stainless steel. Most
importantly, this research answers the following question:
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Are high strength stainless steel grades suitable for prestressing strands in piles and will
its application increase the service life of bridges to 100 years?”
1.1 Report Overview
Many aspects were considered to answer this question. First, candidate stainless grades
were selected based on resistance to corrosion since it would not be effective to replace grade
270 stainless steel with a stainless steel that corrodes. The selection was performed through a
literature research and through an internal stress corrosion cracking study by Fernandez and
Sagues that occurred just before material testing [13,47]. The research concluded: using stainless
steel as reinforcing steel has been common in the past two decades, and there are at least four
prestressed structures using stainless as prestressing strand in piles across three states: Tacoma,
WA; Pearl Harbor, HI; and Georgia (Liberty and Charlton Counties). The results of the
susceptibility of HSSS to corrosion were limited, but they were consistent in indicating that duplex
grades demonstrated superior properties while 316 steel demonstrated inferior properties.
Chapter 2 and Chapter 5, respectively, discuss the literature research and University of South
Florida corrosion study in greater detail.
The second aspect to be considered was mechanical properties. The American Concrete
Institute (ACI) Building Code Requirements, ACI-318-14, stipulates that the American Society for
Testing and Materials (ASTM) A416 standard must be met to use the material as prestressing
strands. Therefore, the ASTM A416 standard was used to compare the strength, relaxation, and
ultimate strain properties of the materials. The tests started with ultimate tensile strength where
316L was the lowest at 180 ksi and Duplex 2205 was the highest at 240 ksi. The relaxation rates
were higher than the maximum allowed, but the most alarming of these requirements was that
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the ductility was 2% instead of the required 3%, compared to carbon steel which is 6–8%. These
initial tests were followed with two more testing phases.
One testing phase was a field test to study constructability concerns and perform fullscale tests for transfer lengths, while the other testing phase was a series of 25 modulus of
elasticity (MOE) tests to confirm the MOE, yield and ultimate strengths along with the respective
yield and ultimate strains. The transfer lengths for stainless steels were thought to be an issue,
but the lengths did not have a discernable difference from the control strand. MOE was lower for
all three grades tested (316L, duplex 2205 and XM-29), which was expected based on the author’s
research. The testing procedures, material properties, and discussion can be found in Chapter 3
and Chapter 4.
The last phase was to thoughtfully consider the application of the properties measured
from a design and constructability perspective. This idea involved using ACI-318-14 design code
standards and scrutinizing empirical methods to either justify the use or expose potential gaps.
While the stress-strain behavior of HSSS is similar to the stress-strain behavior of plain carbon
steel, the stress-strain behavior of HSSS differs enough that strength-limit and service-limit
differences can be recognized.
First, the strain at yield strength (1%, by ASTM definition) and ultimate strain (2%) of
stainless steel have approximately a one percent elongation difference, which is a narrow margin
of safety, but workable with the right development of material and design standards. Second,
regarding strength and capacity determination, the interaction diagrams constructed typically
use an empirical formula to predict the strength of the steel beyond the proportional limit for
grade 270. Because a proportional limit has not yet been developed for stainless grades,
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experimental data was used. Also, if the yield strain is taken at 1% and is assumed to be equal to
the proportional limit, there should be an additional constraint or lower maximum strain allowed
for stainless because the requirements of ACI 318-14 are based on strain compatibility and
assume a minimum strain at fracture of 3% (compared to 2% with Duplex 2205). These aspects
are discussed in detail in Chapter 6.
Regarding service limit states, the prestress losses have two different variables within one
equation that are not necessarily applicable to stainless steels. The first variable is the empirically
derived denominator in the relaxation loss calculations, and it has been shown to be dependent
on the grade of the steel [71]. Using a different alloy is not considered in ACI-318-14. Second, for
the service state, the reduced initial prestress term is likely not low enough because it represents
a stiffer material. Thus, revising both variables would improve the relaxation loss calculations for
stainless steel. Chapter 6 discusses the pile design aspects in greater detail, and Chapter 7
suggests potential avenues for research to close the gaps of this study and further add to the
body of knowledge.
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CHAPTER 2: LITERATURE REVIEW
Building from the known body of knowledge is the first step to any innovation or
improvement. This information helps determine what has been accomplished in the past, why
stainless steel has not been considered as a prestressing strand, and the consequences of shifting
from carbon steel to stainless steel. Chapter 2 addresses alternative materials being used instead
of plain carbon for a prestressing strand, past and current case studies on stainless steel, and
corrosion resistance and material properties.
2.1 Alternative Materials and Cost Comparison
Many corrosion-resistant materials have been used to extend the service life and the
most common methods include using high-performance concrete (HPC) and a three-inch
concrete cover, coating plain carbon with either epoxy (epoxy coated rebar (ECR)) or stainless
clad, or using naturally corrosion resistant material such as fiber reinforced polymers (FRP). The
use of stainless steel has also been considered, but it has been limited to rebar use; in addition,
it only yields an ultimate strength of approximately 75 ksi as opposed to high strength grades of
steel that are approximately 200 ksi. The primary advantages and disadvantages for each of these
alternatives are covered in the following sections, with stainless steels and high strength stainless
steels investigated in greater detail.
2.1.1 High-Performance Concrete
Using several alternative materials to extend the service life of bridges has been
considered to counter the corrosive process. This process acts tirelessly to return steel to
5

elemental iron, rusting our infrastructure. The environment to which piles are exposed includes
temperatures up to 104°F and chloride concentrations in the Gulf of Mexico approximately 0.5M
[3] or approximately 17 parts per million. These chloride molecules are deposited with every
splash or tidal shift on the pile surface and redeposited, building up chloride concentrations. The
first efforts to prevent corrosion of the reinforcement were related to preventing chloride
movement by developing high-density, low-porosity concrete [30]. When fly ash, slag, and other
fine particles were added to concrete mixtures to prevent chloride movement, there were
generally positive effects such as reduction in time before the steel was exposed to its chloride
threshold level (CTL) and stronger concrete mixes [31]. To further protect the steel embedded
within the concrete, corrosion inhibitors were added, and codes have set limits on the
concentration of chlorides that can be introduced from raw materials [44]. The “definition of high
performance concrete continues to evolve”, essentially HPC involves the qualities of higher
strength, air entrainment, decreased permeability, reduced shrinkage, and reduced
microcracking [12, 48]. While there is no generally accepted definition of high-performance
concrete, it is typically thought of as a high-strength (10 ksi or higher), corrosion-resistant
concrete.
Largely a success, HPC has increased the service life of concrete structures and has
overcome obstacles previous ideas have encountered by providing higher strength and lighter
concrete. For example, concrete has taken over the market share of high rises from a previously
steel-dominated industry. In 1970, 90 of the skeletal structures of the 100 tallest buildings were
made entirely of steel; in contrast only 14 of the main resisting systems of the 100 tallest buildings
were made of steel in 2013. Instead, 36 of the main resisting systems were a composite of steel
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and concrete (such as concrete super-columns with steel outrigger trusses or a similar
steel/concrete integrated design) and 46 were built of concrete alone [29].
Regarding bridge decks and bridge substructures, the service lives of bridges have
approximately doubled from concrete bridges placed in the 1960s that lasted only 25–35 years
before the first major repair was needed (service life) while more recent structures have a more
dependable service life of 50–60 years [8,30].
While advanced concrete mix designs have improved durability dramatically in the past
60 years, these advantages have introduced disadvantages such as higher cost and “potential for
increased thermal cracking and higher setting temperatures” [12]. HPC seems to have reached
the limits and is not likely to be the sole solution to corrosion control for the durability of marine
structures. Disadvantages of HPC include increased costs due to corrosion inhibitor additives,
cracking due to higher strengths, and higher heat of hydration (due to additional fine particles).
“Cracking has been an obstacle to extending application of HPC” [21]; thus, to avoid self-induced
cracking, labor-intensive curing techniques must be designed and managed. The most common
of these are aspects such as placing and continually wetting burlap and applying fans or water
sprays as needed.
Unlike most solid materials, concrete is highly dependent on accurate timing, water
addition, placement techniques, and weather. In addition, the temperature and humidity at the
time it is being placed, traffic that can delay the cement mix truck, and other logistics that affect
timing all introduce additional factors out of the control of the design engineer. A poorly placed
HPC becomes a poor-performance concrete. As such, “it is only one component to make deck
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systems last 75 to 100 years” [12]. The pile system has this same property, and this research aims
to scrutinize stainless steel as is its corresponding solution.
However, with bridge designs facing longer service lives of 75 – 100 years, these measures
[HPC] alone may not always be able to effectively provide the increased service life needs. In
particular, even high performance concrete with low bulk permeability will have a certain
incidence of cracks and other local deficiencies - Mullins 2014 paraphrasing Lau, 2008 [36]

2.1.2 Epoxy Coated Rebar
Epoxy coated rebar (ECR) is a “carbon steel rebar coated with a layer of fusion bonded
epoxy polymer that acts as a physical barrier” [1], and there is both confidence and “doubt on
the ability of epoxy coatings to provide long term corrosion protection” [1]. While the Concrete
Reinforcing Steel Institute has a certification program that has increased the quality of ECR, the
certification program has its limitations [53].
ECR can be dated back nearly 40 years [57]. The verdict is mixed on its effectiveness: there
are at least six different research studies and a plethora of case studies (nineteen states) between
1977–2000 that show that epoxy in combination with good quality concrete and adequate cover
provides good corrosion resistance for bridge decks exposed to deicing salts [1, 22, 51, 53, 57].
However, ECR has had its problems, specifically in the Florida Keys, Oregon’s Yaquina Bay, and in
Virginia.
Due to the quick deterioration of piles and beams in tidal zones, Florida discontinued ECR
use [47] in the late 1990s. Oregon recommended ECR not to be used for coastal structures in
Oregon and that all bridge decks “subject to de-icing chemicals reinforced with epoxy coated
steel be placed on a frequent inspection program” [58]. Virginia followed suit by discontinuing
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ECR use in 2010 due primarily to one case study that showed deterioration of rebar sections after
six years in piles exposed to seawater and additional laboratory tests by Weyers [57]. It is unclear
what connects these three states compared to the other nineteen states that have had positive
results and regularly approve ECR use in bridge decks. A similarity is that they are coastal states
and have used ECR in submerged elements, such as piles, where seawater exacerbates the
disbondment of epoxy from the steel. Once the adhesion is disrupted, corrosion initiates quickly.
Adhesion can be altered in several ways: temperature, embrittlement (age of epoxy), and
exposure to submersion. While epoxy should stay firm up to 150°F, if the concrete reaches this
temperature during curing, “adhesion given by the quartz surface will not achieve its full
potential” [53]. Adhesion is a function of temperature and age. With age, the epoxy coating
becomes more brittle and as such is more susceptible to cracks [47, 51]. Time dependency related
to poor adhesion can be seen in a joint research study performed on 80 representative spans in
PennDOT and NYSDOT districts. The reduction of adhesion ranged from 22% at five years up to
70% reduction at 20 years. However, the direct correlation between adhesion reduction and
corrosion was not established in the same study [21, 51]. In Southern Florida, which has been the
most extreme case of ECR failure, corrosion was initiated “as early as the first decade” due to
adhesion loss to moisture content where 23 of the 28 ECR structures (82%) showed full adhesion
loss [47, 58]. While ECR use has proliferated in bridge decks across the country, ECR is not a
feasible option for submerged elements, especially those in warm waters with high chloride
exposure.
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In addition to the lack of adhesion in certain environments, ECR has other disadvantages.
The epoxy does not bond as well to the concrete as does steel, and the epoxy coated bars require
special machinery and gripping devices. Also, if the bars are nicked or rubbed by concrete or
other bars, the coating is damaged. Consequently, special ECR pushers are required. ECR also
requires special anchorage to puncture through the epoxy and grasp the bars adequately [21,
53].
In addition, most studies indicate that using ECR has substantial potential in a dry
environment and when embedded with good quality concrete and with adequate cover.
However, with the lack of quality control to handle both concrete quality and limit rough handling
of bars and the likelihood of disbondment initiated by a wet environment, ECR has overreached
its niche and demonstrated it is not the solution to enable a service life of 100 years for bridge
piling in seawater.
2.1.3 Fiber Reinforced Polymers
Fiber reinforced bars have a predicted service life of 65–100 years [11]. This is longer than
HPC with carbon steel (50–60 years) [8, 30, 31] and ECR that extends the service life of carbon
steel by 5–10 years [21, 57].
Fiber reinforced polymers (FRP) are a “composite material made of polymer matrix
reinforced with fibers,” [1] and have advantages including natural resistance to corrosion and a
high strength-to-weight ratio [48].
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FRP reinforcement should be promoted for marine and offshore structures since such systems
can provide sufficient strength and durability, as well as great convenience and economic
benefit – Zhou, 6th Annual Asia-Pacific Conference on FRP Structures, 2017 [59].

Fiber reinforced polymers have the same restraints as ECR with respect to the care of
handling, special equipment and anchorages required. Two additional disadvantages to using FRP
are that they are anisotropic, having high-strength in one direction, raising concerns of shear
strength in pile/beam elements and due to lack of ductility, a sudden, brittle failure is
experienced. ACI 440 “Prestressing Concrete with FRP Tendons” provides designers with details
on how to “ensure that sufficient warning is exhibited before failure” by use of a deformability
index while most other design methods remain constant [11].
2.2 Stainless Steel Alloys as Reinforcement
Stainless steel derives its corrosion resistance from a chromium oxide film. To be classified
as a stainless steel by the American Iron and Steel Institute (AISI), the alloy must be composed of
10.5% chromium whereas 12% is the norm for many grades of stainless steel [6, 50, 61]. Stainless
steels are naturally corrosion resistant due to this thin protective layer.
There have been many studies showing successful applications of stainless steels [7, 18,
20, 49, 50, 61] with yield strengths between 60 and 75 ksi, as shown in Table 2.1. Over the past
25 years, engineers have had time to test, implement, and demonstrate the mechanical
properties and the effectiveness of reinforcing with stainless steel. The longest case study using
stainless is the Progresso Pier in Yucatan Mexico that has outlasted its companion plain carbon
pier by over 37 years [60]. Stainless-steel reinforcement has been successful in over a dozen
applications in the United States, including two case studies that have been used for 30 years (I-
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696 in Detroit, MI, and I-295 in Trenton, NJ) [7, 61]. Stainless-steel reinforcing has also been used
in at least nine parking garage decks in the Northeast United States as well as maritime structures
such as seawalls, piers, and coastal buildings [61]. Structures exposed to a high chloride
environment are being designed with stainless rebar around the world [7, 50, 61]. Table 2.1
shows a small sampling of the many bridges that use stainless rebar, but the list indicates that
Duplex 2205 has started to dominate the market over 316 in recent years. This dominance is due
primarily to its high strength and higher resistance to stress corrosion cracking (SCC). The
following design guidelines have been developed:
●

ASTM A955 Standard Specification for Deformed and Plain Stainless-Steel Bars for
Concrete Reinforcement

●

BS 6744 Stainless Steel Bars for the Reinforcement of and Use in Concrete –
Requirements and Test Methods

●

Stainless Steel Rebar Guidelines for Shipping, Handling, Fabrication and Placement
(2012) by the Specialty Steel Industry of North America

●

Guide for the Use of Stainless Steel Reinforcement in Concrete Structures by the
Norwegian Building Research (2006) [42].
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Table 2.1 Stainless Steel Case Studies. [36, 24, 49, 50, 61]
Application

Description

Comment

Marine Pier
Locations: Progreso, Mexico

Constructed 1937–41 using 304
stainless rebar to connect piles to
decking. No major repairs or
significant maintenance has been
required over the lifetime of this
structure.
Constructed 1985.
33 tons of Type 304 rebar

Neighboring pier constructed in
the 1960’s using carbon steel,
and the pier is severely
deteriorated.

I-696 Bridge Decks
Location: Detroit, MI
I-295 Bridge Deck
Location: Trenton, NJ
Highway 126: North
Siuslaw River Bridge
Location: Oregon
Highway 427
Location: Toronto

Exposed to de-icing salts. Cores
taken after 9 years showed bars
to be in excellent condition.
Constructed 1985
Condition of clad rebars was
Used carbon steel rebar with excellent despite exposure to deexternal cladding of Type 304
icing salt.
Fork Constructed 2009
Used 169 tons of Duplex 2205
Constructed 2007
Used 8 tons of Duplex 2205

Ramp, Garden State Parkway Constructed 1998
Location: NJ
165 tons of Duplex 2205
Smith River Bridge
Location: OR
Belt Parkway Bridge
Location: Brooklyn, NY

Constructed 1998
122 tons of type 316LN
Constructed 2004
200 tons of Duplex 2205
Nominated for Nova Award 2008.

Driscoll Bridge
Location: NJ

Constructed 2005
1300 tons of Duplex 2205
(includes some 316LN)

Woodrow Wilson Bridge
Location: VA & MD

Constructed: 2007
1100 tons of Duplex 2205
(includes some 316LN)
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Primarily in decks, predicted to
last 90 years (2x as long as the 45year-old structure it is replacing)
for only 1% increase in total cost.
(www.fhwa.dot.gov/bridge/pref
ab/successstories)

Stainless steel in the bascule deck
(www.csengineermag.com/articl
e/crossing-the-potomac)

Both ACI and AASHTO specify stainless rebar as interchangeable with plain carbon rebar
except when full plastic hinging is expected according to the Concrete Reinforcing Steel Institute
(CRSI). Within the past 30 years, especially since the beginning of the 21st century, the use of
stainless as reinforcement has become readily available and an accepted practice worldwide.
2.2.1 Properties of Stainless Steel
While all stainless steels comprise at least 10.5% chromium, there are three basic families
of stainless steel determined by the orientation, type, and packing of atoms on a microstructural
level. These factors constitute the microstructural phase, and stainless steels are categorized by
their dominant phase because of the strong correlation between phase and properties.
For example, ductility is a function of both the packing density and orientation of its
slipping planes, and the orientation of atoms also affects the magnetic properties of the material
[6]. The different families of stainless steels are defined by these stable phases – ferrite,
martensite, and austenite. The two most common alloying elements of chromium and nickel are
the primary constituents of the ferritic and austenitic phases. If only the 10.5% minimum
chromium is added, the dominant phase is ferrite. In contrast, when at least 5% nickel in addition
to the chromium is added, austenite begins to stabilize at room temperature and the steel
becomes austenitic [6, 35]. The duplex stainless steels are a two-phase combination of ferritic
and austenitic steels, taking advantage of the properties of both phases.
Duplex steels are semi-magnetic and have better than average corrosion resistance,
strength, and ductility [28, 35]. In addition, Duplex has the highest resistance to SCC [35, 27, 13].
The ferrite contributes to a material with higher strength and magnetic properties, while
austenite contributes to excellent general corrosion resistance and ductility [28, 13, 6].
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The families of stainless steels and the general characteristics relative to carbon steel are
shown in Table 2.2. Because of the proliferation of grades of stainless steels, the properties
shown are limited to the series indicated. For the ferritic, martensitic, and duplex categories,
averages were taken from a minimum of six grades including the most common and
representative of the grades [35, 27, 28, 24, 6].
Table 2.2 Mechanical Properties of Stainless Steels by Dominant Phase. [27, 28, 24, 35]

Steel Family

Yield

Ultimate

Strength

Strength

Modulus
Elongation

(ksi)

Carbon Steels –

65 ksi

90 ksi

20%

29,100

Ferritic –

50 ksi

70 ksi

28%

29,000

Martensitic

130 ksi

155 ksi

13%

28,500

Austenitic -

50 ksi

100 ksi
37%

28,400

24%

29,000

300 Series
Duplex

90 ksi

130 ksi

2.2.2 Stress-Strain Relationship
Ductility, strength, and toughness (which are all critical properties when designing with
steel) can be inferred from the stress-strain diagrams. According to the International
Molybdenum Association [24] article on high performance austenitic stainless steels, the
following conclusions about martensitic, ferritic, and austenitic steels can be inferred. The
martensitic family of stainless steels is far more brittle than carbon steels. This, in addition to
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having the lowest pitting corrosion resistance, makes the martensitic family the stainless grade
with the least desirable characteristics. The results also show that ferritic stainless steels have
approximately the same strength, ductility, and toughness as carbon steels (pearlitic). The
austenitic family is superior in ductility and toughness but has a much lower and harder to define
yield strength. All of these materials could be further strengthened through cold work if there
were better heat treatment (relaxation) techniques for stainless steels. All grades of stainless
steels have a lower modulus of elasticity of 24–28 ksi compared to 29 ksi [34, 24] for plain carbon
steel.
The coefficient of thermal expansion is an important factor for prestressing steels to
ensure bond integrity between the concrete and the steel. In addition to the lack of bond
integrity, cracking of the passive layer or chromium oxide layer is a concern. To alleviate this
concern, the coefficient of thermal expansion (CTE) of the concrete and the steel should be within
30% of each other [6], and this is specifically mentioned in the ASTM A416 standard for “Steel
Strand, Uncoated Seven Wire for Concrete Reinforcement.”
The CTE of concrete is 8x10-6 in/in°F, and the CTE of stainless steel for the two families of
interest (austenitic and duplex) ranges between 7x10-6 in/in°F and 9.5x10-6 in/in°F. The CTE of
plain carbon steel at 7.2x10-6 in/in°F [20,21] is within this range, and because the CTE for the
stainless steel is within 30% of concrete, there is not a design concern
2.2.3 Stress Corrosion Cracking
SCC occurs when the combined effects of stress and corrosion result in greater loss of
strength than when stress and corrosion act separately. Two case studies dealing with SCC
involving indoor swimming pool ceilings were performed in Uster, Switzerland, (1985) and in
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Steenwijk, Netherlands (2001). In both incidences, the load bearing components were in tension
with significant chloride deposits. The average temperature was kept at approximately 86°F, and
this temperature is significantly lower than the high temperatures >122°F at which SCC is more
widely known to occur. The relative humidity fluctuated above and below the chloride’s
deliquescence point, allowing the chlorides to concentrate repeatedly [37, 25]. Another factor
that contributed was the inaccessibility of the connectors to be cleaned or examined. In the
Switzerland collapse, a brittle failure occurred at 94 of the 207 connectors examined. Switzerland
(Swiss Society of Engineers and Architects) and Germany (Federal Republic of Germany) further
researched the types of stainless steels susceptible to low-temperature SCC. Many other grades
of stainless steel (including 316) were found to be inadequate in such harsh environments. They
and other authors [24, 28] have asserted that only stainless steels with concentrations of high
molybdenum (7%) are sufficient for the aggressive environment found in the indoor swimming
pool atmosphere [25, 37, 62]
Since these case studies were performed, our knowledge about SCC has grown and
information about specific environmental circumstances that contributed to their failure is
known. New alloys of stainless steel have been developed that are resistant to SCC [28]. These
newer grades have less nickel content (reducing costs) and proven resistance to SCC that help
remedy both the concern of SCC and the increase in costs.
2.3 High Strength Stainless Steel (HSSS) as Prestressing Strand
While the literature contains many investigations and case studies on stainless (60–75 ksi)
for use as rebar, there have been few studies investigating the use of high strength stainless
(180–240 ksi) steel for use as prestressing strand. Critical considerations for candidate high
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strength stainless steel alloys discussed are the composition and relationship to mechanical
properties, propensity for SCC (only four sources), heat treatability and relaxation properties for
code requirements, strength, and cost. Moser and Paul’s studies are some of the few that discuss
the composition and relationships.
Moser (2011) [33–35] and Paul (2015) [44] completed subsequent studies on high
strength stainless steel for use as prestressing strand at Georgia Tech for the Georgia Department
of Transportation (GDOT). Moser focused on stainless grade considerations and the stress
corrosion resistivity of those alloys, while Paul built on Moser’s conclusions using full-scale piles
to study the breaking strengths of the same alloys by testing according to the ACI 318-14 code
requirements. These requirements are initially intended for plain carbon steel, but Paul used
stainless steel.
The research of this dissertation was started in 2009 parallel (and unbeknownst) with
Moser’s and performed several of the same tests (SCC, relaxation, and tensile tests) within the
same period. These tests were continued in 2014 to consider constructability and transfer
lengths, and this is similar to the work done by Paul. The dissertation component was completed
after a hiatus. Thus, Moser (2011) and Paul (2014) are considered here as literature research, but
it is important to note that these references were not available at the time of the initial research.
2.3.1 HSSS Strand Composition and Mechanical Properties
The first question determined when HSSS can be used as a prestressing strand. Even with
acceptable pitting resistance equivalent (PRE) numbers, SCC can be a concern. SCC occurs when
the combined effects of stress and corrosion result in greater loss of strength than when stress
and corrosion act separately. It is a particularly insidious form of corrosion because it is difficult
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to detect by inspection, and the crack can travel across the entire cross section and result in
brittle failure without any noticeable warning to the naked eye [9, 25].
The Nickel Institute suggests that stainless steels in aggressive environments be
composed of either 12% or greater concentration of nickel or a minimum concentration of 7%
molybdenum. In addition, adding 10.5% chromium also had a positive effect on reducing SCC.
The most common grades of stainless steel types 304 (8% Ni) and 316 (10% Ni) are prone to SCC
temperatures (120°F) and chloride exposures of 0.01 M. There are numerous studies that show
that Duplex steels have the highest resistance to SCC [10, 13, 19, 24, 28]. The Nickle Institute
states the 300 series has less SCC resistance than the Duplex Grades (2000 series) of alloys. See
Table 2.3 for the composition of the candidate grades selected for this study.
Table 2.3 Composition of Candidate HSSS for Use as Prestressing Strand
Alloy

Plain Carbon
Pearlite

Phase

(Ferrite & Cementite)

Duplex 2205

316L

XM-29

Ferrite & Austenite

Austenite

Austenite

Carbon

0.8

0.02

0.04

0.08

Chromium

-

22

17

18

Nickel

-

5.5

10

1.5

Molybdenum

-

3

-

2.5

Manganese

0.5

-

2
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The most common stainless steels are non-magnetic, but those with a stable ferrite phase
at room temperature are semimagnetic. Magnetic properties are an advantage in the production
of stainless steel strands because stranders use heat induction technology to relax the strands
[52, 40, 23].
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Figure 2.1 Drawing of PC Strand at Sumiden. Figure 2.2 Final Seven Wire Strand Spool.
Strand went through an eight-block wire Strand was spooled after passing through a
drawing machine. Figures 2.1 and 2.2 are heat induction furnace.
pictures taken at Sumiden Wire Products
Corporation in Dickson, TN.
This process is dependent on the magnetic qualities of the steel. Duplex 2205, which has
both ferrite and austenite, is semimagnetic and responds to the heat induction ovens of today’s
processing plants [52, 33]. There are heat induction furnaces that can heat-treat stainless steel,
but the technology is still being developed (10–70% efficiency for non-magnetic metals compared
to 45–95% efficiency for magnetic metals) and requires a capital investment [63].
There are many benefits to the results of heat treatment or stress relaxation. When
residual stresses are reduced, a steel’s propensity for SCC is also reduced [28, 10]. Stress
relaxation does not increase the yield strength but instead releases internal stresses allowing for
more external load before reaching yield. Stress relaxation also decreases relaxation rates.
Relaxation occurs when a material is stressed below the yield strength and is fixed to a
constant strain. Over time there is a loss of stress but the original strain is maintained, and the
loss of stress is expressed as a percentage to represent the relaxation of the material. ASTM 416
specifies a maximum of 3.5% relaxation for pre-stressing strands [4]. Relaxation is not critical for
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pile design but is important for other prestress applications and thus is an advantage if the strand
can meet the code requirements. At least one duplex steel with the ability to be relaxed was
chosen as a candidate steel.
Table 2.4 Mechanical Properties of the Candidate HSSS. Measured mechanical properties of the
candidate steel grades received.
Manufacturer

Stainless

Tensile Strength

Diameter

Designation
Insteel

XM-29

230 ksi

.5312 in

National Strand

316L

180 ksi

.5000 in

Sumiden

2205

240 ksi

.5156 in

304 – Stirrups

102 ksi

.2031 in

All specimens used were half inch diameter seven wire strands. The XM-29, 316L, and
Duplex 2205 were produced by Insteel, National Strand, and Sumiden, respectively. Their tensile
strengths and diameters are summarized in Table 2.5, and their strengths after cold working are
compared to the strengths in Table 2.2. For example, the Duplex typical tensile strength value for
reinforcement is 90 ksi, while the Duplex typical tensile strength for the high strength strand
version is 240 ksi.
In addition to strength, cost is paramount. The nickel content in stainless steel increases
its cost relative to plain carbon steel. Duplex has the highest strength and is in the middle
compared with the other stainless steels with regards to nickel content (5.5% Ni). XM-29 has the
lowest nickel content (1.5% Ni), making it the least expensive and have nearly the same strength
as the duplex, as shown in Tables 2.3 and 2.4.
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The duplex grade has the best performance in corrosion resistance [10, 13, 19, 24, 28]
and has the highest strength. Type 316L’s advantage is that it has been used extensively for rebar;
therefore, the material is readily available. While it has the highest cost due to nickel content
combined with the lowest strength and likelihood of SCC resistance, it may provide substantial
costs savings in time, shipping, and production considering source material for 316L is abundant
in the United States while the duplex grade for this research was shipped from Australia [52] and
required a three month lead time.
2.3.2 HSSS Strands Georgia Institute of Technology Studies (Moser and Paul)
Moser (2011) concluded that the Duplex 2205 was the best candidate steel for use as
prestressing strand. He scrutinized the corrosion resistance of at least six different grades
including two 300 series, three duplex grades, and one similar to XM-29, a precipitation hardened
grade (Grade 304, 316, 2101, 2205, 2304, 17-7). Once the corrosion tests were completed, he
examined their mechanical properties: tensile strength, ductility, and relaxation. Moser, like the
Shinko Wire Company (1999) asserted, duplex steels were the superior grade when considering
both corrosion resistance and mechanical properties. Moser specifically indicated 2205 as the
best candidate among the duplex grades.
Moser’s SCC studies agree with Alonso [1] and Nurnberger’s [33] finding that 316L had
the highest resistance to pitting corrosion of the 300 series stainless steels. Grade 304 was found
to be slightly susceptible in all three studies, but the testing conditions were extreme compared
to expected field conditions. The Nickle Institute (Figure 2.4) does not discriminate between 304
and 316L SCC.
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Moser was particularly concerned about the additional susceptibility of strands compared
to wires, as other tests completed to date had only looked at wires, as ASTM requirements for
SCC request the use of wires or bars, not strand (seven wire helical structure). However, in
Moser’s experiments, he found that the corrosion resistance of the 2205 alloy was high enough
that there was no stranding effect. For other grades of steel, the strands were more susceptible
than single wires, but this effect was not seen in the 2205 steel and was one of many factors that
lead to the conclusion that 2205 would be the best candidate to be an HSSS prestressing strand
material.
With regards to mechanical properties, the strengths of all grades were consistent
between suppliers’ data (Sumiden, Shinko, Insteel, and National) and researchers such as Moser
and Alonso [1]. Strengths varied depending on the grade of steel from 180–260 ksi.
Moser [33], Sumiden Wire Company [52], and the Shinko Wire Company found relaxation
rates of 0.5–3% that are comparable with current stress relieved carbon steel strands, while
Alonso [1] found that the stress relaxation was on the order of 6–8%, which is much higher than
the required maximum of 2.5% for ASTM 416 [4]. Part of this discrepancy is the grade of steel
(300 series, duplex, and XM-29), while another contributing factor is that the stranding operation
either did not heat-treat the strand or partially heat-treated the strand, which has a substantial
influence on the relaxation rates.
Paul (2015) built on Moser’s studies at Georgia Tech casting full-size piles with duplex
strands. He concluded that the ACI-318-14 code provisions when used with HSSS in place of plain
carbon steels are adequate at predicting bending and shear strength. Transfer lengths were also
measured and reasonably predicted using ACI-318-14 and AASHTO.
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2.3.3 HSSS Strand Case Studies
Regarding case studies using HSSS, there are two known pilot facilities that used stainless
as prestressing strand due to its non-magnetic qualities. One facility is in Tacoma, WA, and the
other in Pearl Harbor, Hawaii. Public access to both studies is limited, but XM-29 was used in both
structures and there have been no measurable signs of corrosion during monitoring other than
in the carbon steel ties.
The first known tests were completed by Jenkins in 1987 [26] who conducted tests
including full-scale and laboratory tests on piles driven in the port of Tacoma, WA. The
conclusions were that XM-29 (136 ksi) was more corrosion resistant than carbon steel. However,
SCC tests were not performed. The seventeen-month period of monitoring after driving also
indicated that there was no sign of corrosion and that the XM-29 piles performed as expected.
According to Foundation & Geotechnical Engineering [17], the Navy Submarine Drive-in
the Magnetic Silencing Facility in Pearl Harbor, Hawaii, (Figure 2.8) used stainless steel
prestressing strands. The XM-29 strand was supplied by Insteel in Sanderson, FL.
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Figure 2.3 Navy Magnetic Silencing Facility. Shown using 24” octagonal piles prestressed with 26
- ½”, 240 ksi austenitic stainless strands (Foundation & Geotechnical Engineering, Plant City, FL).
2.4 Stress Corrosion Resistant Alloys
If the failure mode is by way of SCC, the element could fail without any warning to its
owners and users. High strength steels are more susceptible to SCC than lower strength steels
“because softer material more easily develops blunting at the crack tip… reducing stress
concentration” [personal correspondence, Sagues]. Therefore, a critical subobjective of this
dissertation was to understand the propensity of high strength steels’ susceptibility to SCC. A
study by Alberto Sagues and Joseph Fernandez on HSSS SCC occurred parallel to this study on the
mechanical and design considerations of HSSS for use as prestressing strand at USF [13]. The work
calls this research the Fernandez or internal SCC study and is summarized after presenting a short
literature review of SCC on HSSS.
The literature available to Fernandez was fairly limited. The first corrosion studies of high
strength stainless started with Jenkins in 1987 and examined a pilot structure using XM-29
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strands and nondestructive testing that indicated no corrosion initiation. No details of the tests
or results have been released by the U.S Naval Civil Engineering Laboratory beyond the abstract.
There was a substantial gap in time, jumping to Recio, Gaillet, and Alonso in 2007 [1] in the COST
(European Cooperation in Science and Technology) Action 534: New Materials and Systems in
Prestressed Concrete Structures [3]. However, SCC was not considered in either of these first two
considerations of HSSS as strands. Nurnberger built on Reico et al.’s work with the first study
considering SCC. Fernandez’s summary of Nurnberger’s work is as follows:
Wu and Nürnberger (2009) studied SCC in high-strength stainless steels for use in
prestressed concrete structures. Their work focused on the 300 series austenitic stainless
steel alloys cold-worked to high-strength. Partial testing of a duplex stainless steel was
also included, but no manganese substitute stainless steel alloy was considered. The
austenitic alloys (UNS #S30400, S31600, S31653, and S31753) were tested at three pH
regimes (4.5, 8.5, and 12.1) at temperatures from 30° C to 80° C. During those tests, SCC
occurred in all of the steel alloys at 80C at all pH conditions. At 60° C, only UNS# S30400
and S31600 experienced SCC within 20,000 hours and in the case of UNS# S31600, this
was only at pH 4.5. Increased susceptibility to SCC occurred when either the pH was
decreased, or the temperature was increased. UNS# S31753 performed better than the
other alloys. The authors also evaluated prestressed piles fabricated using strands made
of UNS# S31600, S31653, and S31753 alloys. The testing time in concrete with chloride
solution added onto the piles, to simulate de-icing cycles, was 2.5 years with no signs of
corrosion after that time. The findings supported the satisfactory use of UNS# S31753
stainless steel alloy as prestressed strand material for concrete construction.
The work by Fernandez was the only literature on the topic of HSSS for use as prestressing
strand material before 2010 that considered SCC. In 2010, both Georgia Tech and USF started to
expand on Wu and Nurnberger’s initial studies.
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The primary focus of the Fernandez study was to identify corrosion tendencies of three
candidate high strength stainless steel grades for the intended use in precast piles. The effects of
a high pH environment (due to concrete embedment of strands) and the constant stress state of
the strands were key factors to be scrutinized.
The HSSS alloys section in Table 2.5 shows that the three alloys selected as candidate HSSS
were type 316L, XM-29, and Duplex 2205. There are no ASTM standards for HSSS grades; thus,
the same grade of alloy cold worked and stranded at different manufacturers may have different
properties. It can be seen that there is widespread availability of strands in the Southeast region
of the United States as suppliers were found in Florida, Tennessee, and Texas. These candidate
steels were used in the internal SCC study by Fernandez [13] that had two phases.
The first phase of SCC tests used a MgCl2 solution on a wick with the strands in a threepoint bending stress frame and a heating element. This phase had less severe conditions and was
a preliminary test to see which specimen cracked, if any, before proceeding to a more involved
and longer test set up in phase two. The results of phase one were both promising and, possibly
due to the nature of limited test specimens, contrary to the results of both phase two and
external SCC tests on the same alloy. The promising results are that the XM-29 had a projected
service life of 82 years. Unexpectedly, the results also indicated that the XM-29 specimens had
superior SCC over the Duplex alloy.
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Figure 2.4 Fernandez’s Three-Point Stressing Frame.
As shown in Figure 2.9, a 4.5-inch section of each strand was set into the bending frame,
and the stressing bolt was twisted to reach 90% of the ultimate strength for each specimen. The
wick of MgCl2 was applied at the bottom, or tensile fiber of the strand, and this tensile surface is
intended to mirror the tensile state of the intended use as prestressing strands in piles.
After estimating the activation energies by comparing a cracked and non-cracked
condition, an Arrhenius relationship was established for the phase one tests. However, due to
the limited number of specimens and contradictory results to both the SCC literature and phase
two results, more testing is needed to confirm the Arrhenius extrapolation.
The ability to predict the service life of the stainless alloys is an integral aspect of this
study. The graph in Figure 2.5 shows the qualifying statement presented about the limited
number of tests, and the results demonstrate that XM-29 has a superior service life to Duplex
2205.
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Figure 2.5 Fernandez and Sanchez: HSSS Arrhenius Relationship. The relationship developed for
Phase One SCC Tests.
The Arrhenius relationship is empirical in nature and stems from the temperature
dependence of reaction rates. The left side of the y-axis of the graph in Figure 2.10 shows hours
on the log scale, while the right side of the y-axis shows the units converted to years, and the
graph only shows the results of the three alloys considered at the established temperature of
interest of 104°F (indicated as 40°C). The figure also shows where the Arrhenius extrapolation for
each alloy meets the 40°C vertical drop. For each of the three alloys, both cracked and uncracked
test points were plotted and an Arrhenius straight line approximation was generated to project
the service life of the alloys. XM-29 has the most favorable service life at 82 years before cracking,
while the Duplex has the least favorable service life of approximately 3 weeks. The Duplex may
have a service life higher than 82 years based on these tests for XM-29, and several others tests
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demonstrate that Duplex outperforms the XM-29. However, in good form, the author must
conclude that more research is needed to project service life estimates for the Duplex 2205 alloy.
For phase two, a 140°F concrete pore water solution (15% Cl-) was used, and the strands
were bent into a U-shape and submerged. In this phase, the liquid could be used as an electrolyte,
and the conditions were continually, every 80–90 days, worsened by increasing potential. These
more extreme tests indicate that the 2205 alloy was the most SCC resistant alloy followed by the
XM-29 and then the 316L alloys. One picture of the phase two setup and two schematics have
been included in Figure 2.6 and Figure 2.7, respectively.

Figure 2.6 U-Bend for Phase II Tests (Fernandez,2011).
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Front
View
Figure 2.7 Front and Side Views of Phase II Set-Up. [13]
The concrete pore water solution of 15% chloride ions is 100x the ACI limit of 0.15% for
rebar and 250x the limit for prestressing strands of 0.06% [33]. After 90 days, none of the stresses
test specimens showed any signs of corrosion (specifically stated as pitting corrosion or SCC in
Fernandez’s study). To increase the likelihood of SCC, an electric current was introduced as a
catalyst approximately every three months for a total time of a little more than one year (400
days). All but two of the original specimens cracked and were removed, and both of the remaining
alloys were Duplex 2205 strands. Therefore, Fernandez published in both the FDOT report and
the NACE article that the Duplex has superior resistance to SCC over both austenitic sub-families
of stainless steels, the 300 (316L) and 200 (XM-29) series.
In addition to checking for pitting and visual inspection (microscopy was used in addition
to the naked eye), the spring-back losses were recorded prior to placing the testing apparatus.
Once the specimens were removed from their U-bends after the SCC tests, if no cracking had
occurred, the specimens were expected to “spring back” to within 30% of their pretest value.
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Table 2.5 Fernandez’s Spring Back Percentage. [13]
Specimen # / Alloy
#2UNS#
/ S31603
#4 / S31603
#6 / S31603
#8 / S24000
#10 / S24000
#11 / S24000
#16 / S32205
#17 / S32205
#18 / S32205

Pitting or SCC Observed

Percent Difference

Pitting
Final Condition
Pitting
SCC
Pitting
SCC
SCC
SCC
No Pitting /SCC
No Pitting /SCC

-0.79%
from Initial
Value to
-1.43%
30.32%
Final Spring-back (%)
5.87%
48.89%
50.63%
18.69%
-16.26%
-1.87%

2.4.1 External Stress Corrosion Cracking Studies
Moser (2011) used the work of Nürnberger and many others as a basis for his work. He
used slow strain rate testing (SSRT) in varying concentrations of chloride and varying pH levels to
determine the best candidate high-strength stainless steel among those evaluated. The results
showed pitting in the alloys with less chromium in the form of pitting corrosion, with more pitting
at either higher chloride concentrations or lower pH.

32

CHAPTER 3: MATERIAL AND PROPERTY TESTING
Several properties are required in determining the strength and serviceability of a
prestressed pile. Regarding prestressing strand, the tensile strength, modulus of elasticity,
ductility, and relaxation were measured in the USF structures lab. Transfer length, was tested at
Henderson Prestress Yard in Tarpon Springs, FL, using a 400-foot-long casting bed to perform fullscale tests. This chapter describes the test setups, and the results are analyzed in Chapter 4.
3.1 Tensile Tests
Without adequate tensile strength, the stainless alloy would not be a feasible option.
ASTM A-370 (2009), titled The Standard Test Methods and Definitions for Mechanical Testing of
Steel Products, allows for different gripping methods to be utilized. Strands have the unique
problem the grip can puncture an entire wire when gripped because several small diameter
strands are helically wound. Two ways of altering the grip types are to use an epoxy/sand coating
or to use an aluminum foil wrap.
First, the aluminum wrapping was attempted, as shown in Figure 3.1 and Figure 3.2.
However, it was quickly found that the diameter of the strand was increased, making placement
difficult. Once the strand was placed and the testing started, the strand slipped and failed before
the tensile strength of the strand could be measured.
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Figure 3.1 Placement of Foil Covered Strand.

Figure 3.2 Foil Wrapped Strand. Wrapped end on left and displacement on right.
The next method attempted used an epoxy (Tyfo SW-1) to coat the strand, as shown in
Figure 3.3. To use this method, the strand needed to be sanded, but even after reduction of the
cross-section, the epoxy coat caused irregularities that had similar results to the aluminum wrap.
It was decided to take the strand to the FDOT State Materials Office (SMO) for testing using grips
made specifically for seven wire strand, as shown in Figure 3.4 and Figure 3.6.
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Figure 3.3 Tyfo SW-1 Epoxy. Epoxy (top left); mixing two-part epoxy (top right); strand dipped
in epoxy (bottom left); epoxy coated strand end (bottom right).

Figure 3.4 FDOT SMO Testing Set-Up. Materials testing lab (left); protective enclosure (right).
Staff at the SMO decided to use a silicon carbide grit (Figure 3.5) to coat the stainless
strands to ensure the strand would not slip out of the eight-inch-long tapered v-wedge grips
(Figure 3.6). This method worked well as the strands necked and broke near the center of the
fifty-inch-long specimens.
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Figure 3.5 Silicone Carbide Grit. Grit easily rubbed off 316 sample (left) and #80 grit silicon carbide
powder (right).
Preparation of test strands included:
1)
2)
3)
4)
5)

Clean and degrease strands with alcohol.
Mix Elmer’s glue – water at 1:1.
Apply glue mixture to both ends of the strand (8” of end coverage required).
Liberally apply Silicon Carbide on the wet glue.
Allow to fully dry 24 hours prior to testing.

However, the Elmer’s glue mixture was not adequate for the smooth surface of the
stainless grades, and the coating was easily removed due to the stainless surface, as shown in
Figure 3.5. Rubber cement was used instead of Elmer’s glue, and the strands were allowed to dry
for one day with testing occurring the next day.
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Figure 3.6 Tapered ½ in Round Inserts. V-wedge grips (top left); strand after placement in
jaws (top right); extensometer – all used at the FDOT SMO.
A preload of 3,000 pounds was applied, and elongation was measured using a 24 in Tinius
Olsen Type-R-400 extensometer (Figure 3.6). This device measured displacement up to the yield
point and was then removed, and further readings were collected by the displacement of the UTS
crosshead. Strands were loaded to failure, and necking and rupture were observed at
approximately the center of the strand, indicating a tensile break and confirmed the test worked
as intended. A typical break can be seen in Figure 3.7. For results on the SMO testing for tensile
strength, see Chapter 4.
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Figure 3.7 Seven-Wire Strand Center Point Fracture.
3.2 Relaxation Tests
The relaxation properties for prestressing wire were determined using a constant
displacement test and measuring the loss of tensile stress as a percentage of original stress
induced when loaded to either 70% or 80% of ultimate strength values. When relaxation rates
are lower, prestress forces are better maintained over time (less loss). ASTM A416, titled
Standard Specification for Steel Strand, Uncoated Seven-Wire for Prestressed Concrete, allows a
3.5% relaxation at 0.80fu and 2.5% relaxation at 0.70fu at 1000 hours for low-relaxation stands.
These maximum limits are set to ensure a minimum prestress level throughout the life of the
pile.
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Relaxation tests conducted in the structures lab followed ASTM E32, titled Standard Test
Methods for Stress Relaxation for Materials and Structures, where each specimen was loaded in
tension to a target stress and held at a constant elongation. The test setups used two steel header
blocks bolted to the laboratory strong floor with a separation of eight feet (as shown in Figures
3.8 and 3.11). The load was applied to the test specimens using a hollow-core hydraulic jack with
a load cell between the header block and hydraulic jack (Figure 3.9), resulting in a specimen
length of approximately 10 feet for each test. A displacement transducer was attached to the
hydraulic jack to ensure constant strain during testing, and both load and displacement were
monitored using a Campbell Scientific CR1000 data collection system (Figure 3.10). The data was
collected each second during loading and then every 5 minutes during the relaxation period.
Figures 3.8 through 3.11 show the relaxation test setup, and the results of the test are presented
in Chapter 4.

Steel Header
Plates
Standard
Strand
Chuck

c Test
Specimen
Embedded Anchors in
Laboratory Strong Floor
Figure 3.8 Relaxation Test Setup Dead-end Side.
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30 ton Hollow-Core Jack

Load

Hydraulic Jack

Cell

Standard

Thermocouple
Figure 3.9 Relaxation Test Setup Live-end Side

Figure 3.10 Relaxation Test Data Collection System.
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316

270 LR
carbon

Figure 3.11 Multiple Strand Set-Up.
The relaxation tests occurred over 200 hours per ASTM E28 requirements. The 316L was
the first test set up and the force was set at 22 kips for a target of 80% of ultimate stress. Type
𝑃

316L had a strength of 180 ksi, and the strand area was 0.153 in2. 𝜎 = 𝐴 => .8(180 𝑘𝑠𝑖) ∗
0.153 = 22 𝑘𝑖𝑝𝑠. However, the 22 kips was used as the target load for all strands regardless of
expected ultimate strand strength. The focus of this work was primarily on test set-up and
measurement and only one grade (316L) was tested at the correct percent of the ultimate stress,
and the results are presented in this chapter. However, relaxation properties of stainless grades
(except for the 316L) presented in Chapter 4 did not use ASTM E28 parameters regarding the
percent of ultimate stress.
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Relaxation was not acceptable (even at the reduced load). As such, an additional series of
relaxation tests were performed where the strands were loaded cyclically and then held at 20
hours before proceeding with the standard ASTM E28 test to reduce relaxation. While all strands
underwent this process, only the results for the 316L alloy are discussed in Chapter 4. The 316L
strand was loaded to 22 kips, released immediately, and loaded and released for a total of 10
load cycles. On the eleventh loading to 22 kips, the load was held for 20 hours. Based on “what
is known about time dependent phenomenon under stress, it can be reasoned that prestretching
will reduce relaxation losses”[64]. The majority of relaxation occurs in the first few hours of
loading and decreases exponentially with time.
According to Magura, tests at the University of Illinois demonstrated that strands held at
a constant stress for 15 min experienced the equivalent of reducing relaxation rates seen in the
first six years [64]. These tests were for four specimens only, and for the 15 min prestretching
test, strands were held at constant stress (creep test) and not strain. Therefore, relaxation was
continuously countered during this test. For the cyclical load test, countering relaxation with
every reload was applied with a 20-hour hold. Parameters based on anticipating the most intense
on-site relaxation thought to be reasonably implemented in the field were used in the decisions
of testing for 10 cycles and having a 20-hour time period.
3.3 Modulus of Elasticity Tests
In 2015, approximately twenty months after the full-scale field tests, modulus of elasticity
tests were again performed on the remaining stainless alloys. The first stage of the modulus of
elasticity tests involved gathering the materials and purchasing the seven wire strand gripping
device and extensometer. The stainless grade spools in the structures yard were labeled as
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Duplex 2205 and XM-29. During testing, the XM-29 samples were breaking prematurely.
Consequently, the samples were returned to the state materials office (SMO) where FDOT
confirmed what was labeled as XM-29 was either a 316 or 316L composition. The percentage of
carbon was not included in the analysis, and as such, no differentiation could be made between
316 and 316L. The SMO alloy characterization completed on July 22, 2015, can be seen in Table
3.1, and these three steel alloys were the subjects of the modulus of elasticity tests. Table 2.4
shows the compositions of the original strands before field testing for comparison, which
includes determining if there were two grades of 316/316L or if the 316L alloy was mislabeled as
XM-29.
Table 3.1 Characterization of MOE Test Specimens.
Alloy

Plain Carbon

Duplex 2205

316/316L

Pearlite
Ferrite
Austenite

&

Phase

(Ferrite
Cementite)

Chromium
Nickel

-

21.3
5.5

16.5
11

Molybdenum

-

3.4

2.2

Manganese

0.5

.8

1

&

Austenite

The gripping device and extensometer ordered for the MOE tests were the same as those
used by the SMO for the tensile tests two years prior. The tapered ½ in half-round insert v-wedge
grips and the Tinius Olsen Type-R-400 extensometer can be seen in Figure 3.6. The initial test
went smoothly for the Grade 270 strand, breaking at the center point as expected. However, the
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316 specimens continually slipped partly due to the curvature of the strands. The straighter
Duplex strands held fairly well as long as the preload was carefully approached.
A carbide-epoxy cement blend similar to that used for the tension tests at the SMO was
applied to the ends of the 316 strands and given two days to set before tests on the 316 were
performed. In total, 11 tests on 2205 strands and 11 tests on 316 strands were performed. The
test method selected was to set a 10% preload to the strand, place the extensometer on the test
specimen at center point, load the strand to 80% of the expected ultimate strength, release the
load down to 20% of the ultimate stress, and then reload the specimen a second time to 80% of
the ultimate stress at which point the extensometer was removed so the UTS could continue the
test to fracture without damaging the extensometer.
3.4 Transfer Length Tests
The bond between the steel and the concrete is paramount. Stainless steel has a
smoother surface due to the chromium in the steel oxidizing with the atmosphere and forms a
“rough, adherent, invisible, corrosion resisting chromium oxide” film only a few molecules thick
[6]. There were concerns that the smooth, defect-free surface of the stainless grades would
increase transfer length. The transfer lengths of three grades of stainless were measured on full
scale (75 ft) piles. Table 3.2 shows a list of materials for strand properties, and this is followed by
a plan view of the 400-foot bed (Figure 3.12). The set-up, procedure, and results are presented
in Chapter 4.
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Table 3.2 Strand Properties.
Ultimate
Tensile
Strength (ksi)

Strand Material
Carbon Steel –
Grade 270
Stainless Steel
XM-29
Stainless Steel
316L
Stainless Steel
2205

LR
–
–
–

Strand
Diameter (in)

Cross
Sectional
Area (in2)

Allowable
Load (80%
Ultimate)

288

0.506

0.1564 in2

33.8 kip

241

0.513

0.1527 in2

28.1 kip

191

0.490

0.1467 in2

21.1 kip

240

0.500

0.1608 in2

30.9 kip

14in x 14in, 75ft long prestressed piles

Plain Carbon
Live End Header

Type XM-29 (I)

Duplex 2205 (S)

Transfer Chucks

Strands

Type 316L (N)
Dead End Header

400 ft

Figure 3.12 The 400 ft Bed Field Test Layout. It consisted of three grades of stainless
and a control pile of low-lax 270 (plain carbon) set up in series.
A single 400-ft casting bed was used to cast the 14 in piles in series, as illustrated in Figure
3.12. The intention was to cast the XM-29 alloy; however, the composition of this strand could
not be confirmed as it is possible that the XM-29 delivered to the yard was in fact 316 by the
record of SMO characterization completed July 22, 2015, 20 months after casting.
Because the strengths of the stainless grades are less than the strength of the carbon
strands, more strands are required to obtain a comparable level of prestress. Using the 30-kip
allowable limit per strand for Grade 270 shown in Table 3.2 multiplied by the FDOT standard
layout of eight strands and applied to the 14 in cross section yields a prestress of 1.22 ksi (30 kip*
8 strands/(14in *14in) = 1.22 ksi). For the weakest of the stainless steels, the 316L with a 21-kip-
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per-strand limit, 11.4 strands would be needed to achieve the same overall prestress of 1.22 ksi.
Therefore, a 12-strand configuration was used to achieve a target prestressing force of 240 kips
(or 1.22 ksi).

Figure 3.13 Eight Strand Configuration and Drilling of Holes. Before additional holes are
drilled (left), drilling of holes (top right) and after the additional twelve strand configuration
is drilled (bottom right).
The header plate required additional holes to be drilled, as can be seen in Figure 3.13. The
structural integrity of the header plates was confirmed (Figure 3.14). By using an unfactored load
of 35 kips applied in tension on the header plate distributed over the remaining area of contact
between the strand chuck and the plate after reducing it by ½ inch diameter hole with an
additional 1/16 inch room for tolerance, a minimum strength of 28.6 ksi was required. This
minimum strength was well within the capacity of a typical 36 ksi steel plate.
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𝟑𝟓, 𝟎𝟎𝟎 𝒑𝒔𝒊

𝝈=
𝝅

(. 𝟕𝟓𝒊𝒏)𝟐

𝟏 𝟐
− 𝝅 (. 𝟐𝟓𝒊𝒏 + 𝟑𝟐𝒊𝒏)

𝟐𝟖. 𝟔 𝒌𝒔𝒊 < 𝜱 𝟔𝟎 𝒌𝒔𝒊
∴ 𝑯𝒆𝒂𝒅𝒆𝒓 𝑷𝒍𝒂𝒕𝒆 𝑶𝑲

Figure 3.14 Cross Section of Header Plate and Layout of Strand Configuration. Strand chuck
flipped 90° (top left). Stress calculation (top right) overlay of the 12-strand pattern on the
existing eight strand pattern (bottom left) and image of strand chucks and 12 strands running
through the header plate (bottom right).
The first stage of construction consisted of cutting each set of strands to length, stranding
them through the plates, sliding the confinement steel over them, and splicing them together.
Many of the strand wires tended to unravel after cutting, which is an effect due to a lack of
relaxation. To counter this effect, hose clamps/tie wires were used to keep the seven wires from
splaying, allowing the insertion of them into the splicing chucks (Figure 3.15).
To regain some of the benefits lost due to the strands not being stress relieved, a method
was devised to reduce relaxation on site. Strands were loaded to approximately 21 kips multiple
times and then given a 24-hour hold period and stressed one final time to 21 kips just before
concrete placement. The total elongation that occurred due to this stressing and destressing was
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24 inches. The jack and load monitoring system used for the mechanical relaxation component
are shown in Figure 3.16. The hose clamps and wires are shown in Figure 3.15.

Figure 3.15 Hose Clamps to Counter Splaying at Ends. Tie wires were used in conjunction
with the hose clamps.

Figure 3.16 Jack for Stressing Strands. Jack was used to stress strands for the on-site stress
relaxation technique developed.

48

Installation of the stainless stirrups, ties, and internal strain gauges are shown in Figure
3.17. All the internal components were made of stainless alloys to prevent any galvanic reaction
with the strands. Bending the stainless steel stirrups without damaging the equipment was an
issue for the prestressing equipment because the tools were used to confining lower strength
plain carbon steel. Therefore, the wire was taken to a specialty fabricator in Miami, FL, to form
the wire into spirals for the 14-inch strand configuration. FDOT standard specifications for 14inch piles require the spirals be 8 in square. A total of 174 turns was estimated for each pile. The
spacing of the stirrups followed FDOT standard guidelines and varied from the end of the pile to
the center of the pile and was maintained using a stainless steel tie wire. Two internal strain
gauges (Vishay model CEA-06-062UT-350) mounted t #3 stainless steel tie wire were placed 28
inches from each end of the piles at the location of the piles neutral axis (1/2 depth) for future
monitoring, and Table 3.3 shows all the material types and their sources.
The second phase was the concrete placement and is shown in Figure 3.17. Before the
concrete was placed, form oil was applied by hand to prevent possible interference with transfer
length or corrosion susceptibility results. Two mix trucks delivered the same (intended) mix
design with a target 28-day strength of 6500 psi. The strengths of the different mixes of concrete
after three days varied between 5753 psi and 6015 psi. These strengths were the average of eight
test cylinders for each batch (4-inch diameter x 8-inch height).
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Figure 3.17 Spiral Confinement and Concrete Placement. Confinement steel (stirrups) being
placed over the stand (top left). The internal strain gauges being placed (top right). Intermediate
construction is shown in the bottom pictures.
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Figure 3.18 Placement of Strain Gauges. Gauges were placed 4 in on center.
The third stage of the transfer length tests was to apply the surface mounted strain
gauges on four inch centers for the first 40 inches from each end of the pile (see Figure 3.18), cut
the strands after the concrete had set for 72 hours (Figure 3.19), and record the variation of
signals running through the strain gauges. For this project, 60 mm long, 120- Ohm resistivetype strain gages were epoxy bonded to the concrete surface (see Figure 3.19). In general, the
process entails (1) grinding the concrete surface smooth, (2) cleaning the surface of all loose
debris and dust, and (3) placing a layer of paste-consistency epoxy on the concrete and
embedding the strain gage into epoxy.
To collect the data, five computerized data collection systems were used: one system was
used for each pile during detensioning and one system was used for the load cells at the dead
end continuously monitored for 96 hours. Five sytems were required because of the
approximately 1000 ft of lead wire needed for each pile due to having eleven strain gauges at
each end of each of the four piles wired back to the data collection systems. A picture of the
strain gauge wiring system and data collection system is shown in Figure 3.19.
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Table 3.3 Materials List.

Item

Manufacturer

XM-29 Strand

Insteel

316 Strand

National Strand

2205 Strand
304 Spiral Wire
Splice Chucks

Sumiden

Location

Amount
Purchased

Sanderson,
Florida

1500 ft

Houston, Texas

2000 ft

Dickson,
Tennessee

2000 ft
2000 ft

Prestress Supply

Lakeland, Florida

72 chucks

304 Stainless 18
gauge Tie Wire

Comet Supply

cometsupply.com

10 – 3.5lb rolls

316 Stainless Rebar

Salit Stainless

Surface Strain Gages

Texas Instruments

College Station,
Texas

96 gages

Vishay Measurements
Group

Wendell, North
Carolina

32 gages

Bonded Foil Strain
Gages
Concrete

Epoxy

Preferred Materials
Red Head Adhesive
Anchoring System
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Niagra Falls,
New York

32 ft

Tampa, Florida

20 cubic yards

Tampa, Florida

88 fluid oz

Figure 3.19 Strain Guage Placement and Data Collection System. Attaching wires to strain gauges
(left). Wire data collection system (top right) and strand cutting (bottom right).
Once the strands were cut by torch (Figure 3.19), both displacement and strain were
measured, and transfer lengths were determined by the distance to which a constant strain was
achieved.
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CHAPTER 4: MATERIAL PROPERTY TEST RESULTS AND DISCUSSION
Is stainless steel a cost effective alternative to lengthen the service life of our bridge
piling? The results herein help answer this question with regards to the ultimate tensile strength,
yield strength (90% ult, 1% extension and 0.2% offset), modulus of elasticity, ductility, relaxation
rates and transfer lengths for three different families of high strength stainless steels (HSSS).
These candidate steels are Duplex 2205, XM-29, and 316.
4.1 Tensile Strength Tests
Typical low-relaxation grade 270 steel has a tensile strength of 270 ksi and a ½ in diameter
strand with an area of 0.153 in2. For any new material to be competitive it would require a similar
strength or substantial cost savings. Reels of 2,000 linear feet of stainless strand were purchased
for the tests. Stainless cost approximately three times that of the plain carbon steel ($2.95 per
linear foot verse 0.89¢). With this considered, the mechanical properties, especially ultimate and
yield strengths of stainless should be comparable; otherwise, it may not be feasible for the
material to overcome both high initial costs and lower strength. The anticipated strength for
HSSS is 150-250 ksi. It is thought that those within two thirds of the strength of grade 270 could
be competitive based on an increased service life. Alternative ways to address lower strength are
to compensate with strands that have a slightly larger diameter or add a few additional strands
per pile to account for strength loss; however, this does not help with cost issue.
Chapter three discussed the test set up using ASTM A-370 (2009) and that aluminum
wrapping as well as Tyfo SW-1 epoxy was applied to the strand ends to help with grips. After both
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attempts failed to stop a grip related breaks, the specimens were taken to the Florida
Department of Transportation (FDOT) State Materials Office (SMO) for testing. Chapter three
also discusses how these tests proceeded and what follows is an analysis of the data provided by
FDOT SMO tests for the control, the XM-29 and the 316L alloys.
In Figure 4.1, the FDOT SMO tensile tests results are graphed. Notice the control Grade
270 achieved ultimate strength at approximately 285 ksi and the modulus of elasticity (MOE) was
higher than all stainless grades MOE, illustrated by a steeper stress-strain slope. The XM-29 was
the strongest of the two stainless alloys tested with a strength of approximately 240 ksi. Two
316L strands were tested and their ultimate strengths were approximately 180 ksi.

σ

250 ksi

200 ksi

Grade 270
316 #1

150 ksi

316 #2
100 ksi

XM-29

50 ksi

0
.01

.02

.03

.04

.05

.06

Strain, ϵ (in. / in.)

.07
0.09

.08

Figure 4.1 Stress-Strain Diagram using FDOT SMO Test Results.
The Duplex strands were not tested at this phase of the study due to the long lead time
in acquiring the strands. The raw bar material was shipped from Australia and as such arrived
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three months later than the other two stainless grades which are commonly used in the utility
industry. The 316L was sourced from National Strand in Houston, TX and the XM-29 was sourced
from Insteel in Sanderson, FL. Once the raw material for the duplex arrived it was cold worked
at Sumiden Wire in Dickson, TN.
Table 4.1 Material Strength and MOE as Measured by FDOT SMO
Material

Yield
(ksi)

Grade 270
XM-29
316L

240
173
156

Strength Tensile Strength
SMO Office (ksi)

288
241
181

Tensile Strength
Provided
by
Manufacturer
(ksi)
285
210
180

Young’s
Modulus
SMO Office (ksi)
29,300
17,400
17,800

250

Stress σ
(psi)

200

150

100
1/2" Strand
(Insteel)

50

0
0

0.005

0.01

0.015

0.02

0.025

0.03

Strain, ϵ

Figure 4.2 Stress-Strain Diagram Using Insteel Test Results for XM-29 Strand. Notice, σult = 210 ksi
The manufacturer’s specifications for the XM-29 strand can be seen in Figures 4.2. Notice
the XM-29 data provided by Insteel indicates a 210 ksi ultimate strength and a 1.2% elongation
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before fracture, their posted properties are more conservative than the results herein at σult =
241 ksi and 2.5% as the tests look to have been terminated early (compare with Figure 4.1). In
Figure 4.3, the Duplex 2205 manufacturer’s (Sumiden) information can be seen [52]. The duplex
has a clear advantage at 250 ksi but also a reduced elongation at approximately 1.45% compared
to grade 270 which has above 6% elongation according to Sumiden [52] and 7% elongation at
fracture according to the SMO.

Figure 4.3 Relaxation Rates on Candidate HSSS. USF relaxation tests. Note the percentage of
ultimate is indicated on the graph. The only steel (including Grade 270) at the correct percentage
of ultimate is the 316L.
To further corroborate these strengths, Moser’s stress-strain diagrams [33] report
strengths based on wires, not strands, where 270 (labeled as 1080) had an ultimate strength of
approximately 285 ksi with 7.5% elongation. The XM-29 is comparable to the 17-7 alloy Moser
selected. The 17-7 has 17% chromium with 7% nickel and is a nitrogen precipitation hardened
austenitic steel. The XM-29 is also an austenitic steel with 17% chromium but 2% nickel and
13% manganese. According to AtoZ Materials these two steel alloys have 85% of their
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mechanical properties in common [65]. It can be seen the 17-7 has a 220 ksi ultimate strength,
which is in between the SMO measured XM-29 ultimate strength of 240 ksi and Insteel’s inhouse test of 210 ksi. The 316 Moser tested was not a low carbon version, as such it would be
expected that the strength would be higher. Moser’s 316 ultimate strength was 1375 MPa or
203 ksi which is as expected, slightly stronger than the 316L from FDOT SMO tests results of 180
ksi. This is because carbon tends to strengthen alloys. For example, for the low strength version
of 316, the strength is 33 ksi where as the 316L has a strength of 27 ksi [65]. However, due to
the fact they are wires, not strands, Moser stated that the material properties of the strand can
be derived from those of wire tests by taking a 1.5% reduction. While the grade 270 results
were as expected from the FDOT tests, both stainless grades were of higher strength but lower
modulus when compared to manufacturer’s values and available research.
4.2 Relaxation Tests
Within the context of prestressed concrete members, relaxation and thus loss of prestress
in the concrete, is an undesirable property. Relaxation values are kept to a minimum of 2.5%
when held at 80% of ultimate strength to guarantee a minimum level of prestress throughout the
life of the prestressed element (beam, deck, pile, etc.). The phenomenon of relaxation, and
engineer’s attempts to quantify and design around it, goes back to the late 1950s. ACI 318 has a
long history of updating prestress losses of which relaxation is one component. There were many
attempts to reduce relaxation in prestressed strands and bars, the two most common were
mechanical where either tensile stretching or rolling of the bars/strand to pound the surface and
release stresses occurred. In the 1970s and 1980s a switch from stress relieved to low relaxation
strands occurred which approximately halved the relaxation magnitudes.
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The means by which this was accomplished was through simultaneous heat treatment and
stressing to relieve the residual stresses in the cold worked strands. Induction furnaces which use
magnetic waves to heat ferromagnetic materials have enabled this method to become the norm
in strand manufacturing facilities. Stainless steel, however, is non-magnetic and as such not heat
treatable by induction furnaces. Therefore, it is anticipated that relaxation will be of concern and
a method is proposed to reduce relaxation of the strands to meet the ASTM A416 maximum of
2.5% stress loss standard.
4.2.1 Importance and Role of Relaxation in Design
Why the effort to reduce residual stresses in strands? With regards to relaxation losses,
a little improvement goes a long way. For the example below, the low-relaxation quality alone of
the newer “low-lax” Grade 270 decreases prestress losses by approximately four and half fold. In
addition to this, two other factors, a high MOE which results in greater stiffness and a higher yield
strength produce relaxation losses on a 14 in pile that are 7.3 ksi less than a stainless which is not
relaxed. This 7.3 ksi loss translates to a grade 270 having 18% of the relaxation losses of a duplex
strand or, rather, duplex has 5.3x the relaxation losses of low-relaxation grade 270. The
consequence of which is higher propensity for tension force induced cracking. These calculations
are considerably conservative. They err in ways that are unfavorable for stainless because the
available, empirical equations are based on 1080 steel. The details of this example with
discussion can be found in Chapter 6.
Moser determined the relaxation loss for six different stainless steel wires at 70% of
ultimate stress and compared them with that of carbon steel. Moser showed that the stress
relaxation for stainless steels is three to four times higher than for plain carbon steel. The low
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relaxation carbon steel tested had undergone thermo-mechanical heat treatment using an
induction furnace whereas the stainless steel had not been stress relieved in any way. This sets
up expectation that higher than desired relaxation losses will be measured in the relaxation tests.
4.2.2 Relaxation Test Results and Discussion
The relaxation tests are required by ASTM A416 and the process to be followed is in ASTM
E28. These tests must be conducted at either 70% ultimate or 80% of ultimate stress and have
no more than 2.5% or 3.5% stress loss, respectively. The 316L is the only steel (see Figure 4.3)
that was tested at the correct stress level. The 180 ksi ultimate strength yields a maximum 21.7
kip force (180ksi * .147 in2 * .80 = 21.7 kips). The 21-22 kip load was also used in the field tests.
These were carried out in one 400 ft casting bed, because 316 was the weakest alloy, it controlled
the force applied. This force, 21-22 kips, was also used on grade 270 and the remaining stainless
grades for the relaxation tests in the structures lab and as such cannot be directly compared to
Moser or ASTM A416. The full scale piles were stressed to the same intensity, as such follow up
research could be conducted to compare lab relaxation rates to field tests for stainless grades.
While not standard, the relaxation data is sufficient to infer if the stainless grades will meet the
ASTM A416 requirements.
Looking at the lower graph in Figure 4.3 and comparing the 52% of ultimate of the grade
270 with the 55% of ultimate of the Duplex 2205, it can be inferred that the Duplex 2205 will be
close to meeting the ASTM standard (by approximately 1%). The grade 270 meets the current
requirement and the duplex, which has a higher stress ratio (55% compared to 52%), results in
Figure 4.3 exceed the relaxation limit of the Grade 270 by approximately 0.75% at the 1000 hr
mark (ASTM required time period). One could conclude that the XM-29, at 4% relaxation at 61%
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of ultimate, had the worst relaxation properties, while it is certain it did not meet the ASTM
requirement, more tests would need to be done to be confident it has the worse relaxation
properties of the three stainless grades.
According to Moser, the 316 had approximately 8% loss at the 100 hour mark compared
to the USF test results of a 6% loss for the 316L. This could be attributed to the slightly different
alloy composition (316 vs 316L), manufacturing process not accounted for (annealing or the
number of dies passed through to obtain the final wire) or that wires were used in Moser’s tests
while strands were used at the USF structures lab. A 2% difference at the 100 hr mark, while
seemingly close, is significant when one considers that the maximum allowable is 2.5% at the
1000 hr mark.
The temperature was monitored as the USF Structures Lab; while indoors, it is highly
susceptible to outdoor temperatures due to the bay door and loading dock at the west end of
the lab in Kopp Hall. Relaxation tests are highly sensitive to change in temperature, especially
heat and these tests were performed in October in Tampa, Florida. The ASTM E28 states the
acceptable range is +/- 3° C from the initial temperature, see Figure 4.4, the temperature
variation was well within this limit and was a non-issue.
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Figure 4.4 USF Relaxation Tests Temperature Monitoring. With a range of just 70-74° the
temperature was better controlled than anticipated for a semi-exposed lab set-up.
There are two prominent ways to address the higher relaxation rates of stainless steel
grades. The first is to limit the percent of ultimate of which the strand is stressed. According to
the literature, relaxation is a phenomenon highly dependent on stress level and that at
approximately 50% of ultimate and less, relaxation is insignificant. If piles could be designed
economically while utilizing 50% or less of the strength for prestress, one could design with
stainless and limit the prestress values substantially as seen in Table 4.2. Current practice is to
use approximately 74% of the strand strength. Other than the table provided, relaxation at
reduced stresses should be independently confirmed. This option is not pursued any further as
with the lower strength and lower stress level, stainless grades could be seen as a less desirable
alternative to plain carbon strand with superior relaxation and strength properties.
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Table 4.2 Proposed Reduced Strand Stresses.

Material

Grade
270
XM29

Area
(in2)

Actual
Tensile
Strength
Achieved

0.156

(ksi)
288

0.153

316
Duplex 2205

Proposed
Tensile
Strength
Value (ksi)

Proposed
Stress
(ksi)

Load
per
Strand
(kip)

Percen
t Ult
(%)

200

31.2

74.0

241

270
220

110

16.8

50.0

0.147

191

180

90

13.2

50.0

0.161

240*

240*

132

21.3

55.0

The second option is to devise a way to stress relieve the strands. The Duplex 2205 is a
semi-ferromagnetic material and as such can be theoretically stress relieved in an induction
furnaces; albeit with an adjusted method as plain carbon strands have stronger, more consistent,
ferromagnetic properties. Sumiden Wire Company has currently achieved a stress relieving
method using magnetic waves with the induction furnace and pullers used for the grade 270
strands. Mechanical relaxation is an option, more feasible on site than at the manufacturers.
The literature shows that three methods (1) loading and reloading and (2) holding a load and (3)
overstressing, all reduce intrinsic stresses caused from cold-working and improve relaxation
properties. Thus, a 10 cycle load and unloading approach combined with a 20 hour (laboratory
tests were 20 hrs, the field tests were 24 hrs) hold. These values were decided upon based on
engineering judgement to maximize the stress relieving properties while minimizing labor and
time costs.
Due to the fact that the relaxation tests, primarily the data acquisition and analysis
(graphs) component of combatting relaxation losses was completed by a peer, Danny Winters,
only a brief summary is given. This technique worked well, decreasing relaxation rates by
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approximately half across the board for the stainless grades which were not stress relieved
(mechanical or thermal) in their as received state. The analysis shows 316 to be between 7% and
8% for the initial relaxation tests. However, after a 20 hour reload, relaxation losses were reduced
to 3.5% and 5% for the cyclic and standard loading sequence, respectively. This method reduced
the extrapolated relaxation of the XM-29 from 6.5% to 4.5% at 1000 hours. For the Duplex 2205,
the relaxation rates dropped from 2.5% to 1.5% at 1000 hours. One item to note is that the
hysteresis indicates a stable MOE is reached after two cycles and as such, this method could be
just as effective if two instead of ten cycles were used.
Table 4.3 Grade 270: Comparing Control Tests to ASTM A416 Requirements
Grade 270
Test #

MOE (ksi)

Elongation

Yield (ksi)

Ultimate (ksi)

Test 1

28,775

5.9%

256

285

Test 2

29,260

6.0%

245

283

AVG

29,017

5.95%

250.5

284

3.5%

242

270

YES
70% Over

YES
3.3% Over

YES
5.1% Over

ASTM A416
Standard

ASTM Does not
specify
Norm: 28,500
Nawy: 27,500
Burke: 28,800

Meet
Requirements?

YES
1.8% Over
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4.3 Modulus of Elasticity and Yield Strength
The modulus of elasticity tests took place approximately 20 months after the field tests
utilizing the remaining high strength seven wire strand in the structures yard at USF. This
consisted of a spool labeled XM-29 and another labeled Duplex 2205. It was discovered during
testing that the XM-29 was 316 (section 3.3 for further explanation). The results for the Young’s
Modulus tests are presented for the 316 and Duplex 2205 as well as for the control strand, Grade
270.
As one can see from Figure 4.5 (courtesy of Dale Buckner professor at the Virginia Military
institute), the modulus of elasticity is independent of strength. Both the 60 ksi and the 270 ksi
material have a similar MOE 28,800 -29,000 ksi. Another tell from the curve below is that the
cold worked, stronger steel has a less defined proportional limit than the Grade 60 steel. The
knee of the curve for the grade 60 steel locates the proportional limit clearly followed by a period
of pure yielding. However, for the grade 270 steel, the curve can be broken into three sections,
a linear component followed by a curved section and finally the yielding section, a horizontal
component that represents deformation without additional load.

Figure 4.5 Stress-Strain Diagram Comparing Grade 60 vs Grade 270 MOE. Reprinted from
“Concrete Design for the PE Civil and SE Exams” by Dale Buckner (2018) with permission.
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When engineers were first faced with defining a MOE and yield strength using curves
without well-defined proportional limits, they divided the curve into three sections, developed
an empirical power formula with exponents derived from test results that were shown to predict
with certainty slope, approximate yield and fracture points. Incorporated within this algorithm,
Magura [1962] found the linear-elastic region was generally consistent up to 0.6% strain.
Naaman in 1977 built off of Magura’s curve fitting principles and created programming to solve
Magura’s algorithm quickly. This made prestress curves for high strength steels easily accessible
for the design engineer and the 0.6% cut-off has been used as the cut-off for the linear region
since then. Calculating the MOE using the initial region up to the 0.6% strain value is the most
straight forward proven way to obtain MOE values for steels without clear proportional limits.
Another method is to load the material to 80% of ultimate then reload the material and
use the second stress-strain diagram as the true MOE under service loads. Using second run
values is more standard in the field of mechanical engineering than civil engineering due to the
fact that for machines, it can be assumed that up to 80% of design loads will applied and removed,
as such a stretched and re-stretched MOE or second run MOE is more indicative of application.
However, considering prestress application, the strand is literally concreted into place after the
first stretch, as such first run MOE values are used as a primary reference. Note, however, that
second run values were approximately 11% higher for 316 and 13% higher for Duplex 2205, see
conclusion for more discussion.
As with MOE, yield strength was scrutinized from at least two different methods as well.
The most common way of determining yield strength which generally conforms with the power
formula is to use the 0.2% strain offset method. While this method works for most ductile alloys,
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for the higher strength versions ASTM has taken a different approach. ASTM A416 states the
yield strength should be taken as the lessor of 1% extension or 90% of ultimate. Table 4.3 shows
a comparison of the two methods using the control, Grade 270 alloy.
4.3.1 Importance and Role of MOE and Yield Strength in Design
The modulus of elasticity for strand is primarily used in prestress design and affects
moment and axial capacity of piles as well as prestress losses. There are two short hypothetical
examples that follow, one that illustrates the importance of the MOE on design capacity (strength
limit states) and one on prestress losses (service limit states) followed by the results of the MOE
tests. Further discussion of design aspects can be found in Chapter 6.
Table 4.4 compares the moment and axial capacities of strands with a 15% difference in
MOE at varies stress states: pure bending, tension controlled, balanced point and pure
compression. According to FDOT State Standards, a 14 in pile has three inches of cover, eight ½
in diameter strands using Grade 270 as shown in Figure 4.6.

Figure 4.6 Pile Cross Section for Pile Capacities in Table 4.3
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Table 4.4 Effect of MOE on Pile Capacities
MOE
(ksi)

Grade 270 MOE
15% MOE
Reduction

28,000
24,225

Compression Balance
Controlled
Point

Tension
Controlled

Pure
Bending

kip-in

kip

kip-in

kip-in

kip-in

Mcc
1661
1645

Pcc
76
115

MBP PBP
1555 24
1539 65

kip

kip

MTC PTC
1245 -80
1231 -37

kip

MB
PB
1496 0
1480 0

Using this layout with ½ in diameter strands, the following capacities at different stress
states can be calculated. The most significant difference in capacities can be seen in the axial
capacity of the compression controlled state in Table 4.4. A brief explanation for this is that the
Pcc = C – E*є, where C is the compressive capacity of the concrete section and E=MOE and є=strain
of the strands. Essentially, with the same strain values and a lower MOE it conserves the
compressive capacity of the pile, for this example an increase of 51% in axial capacity is achieved
in pure compression (primary stress state). Lower MOE resulting in a lower stress state has a
reducing effect on bending capacity. The difference of 14-16 kip-in, is shown in Table 4.4 for all
stress states, a 10% reduction of moment capacity assuming a 15% lower MOE.
While strength capacities (bending and axial) are of prime importance, so are
serviceability requirements such as minimum stress states to prevent cracking and (beam)
deflection. These aspects are controlled by setting a minimum level of prestress in the element.
Keep in mind that these formulas and strict requirements are controlled primarily by concerns
for bending elements.
Whereas, piles require prestressing for a different load and primary stress state - to resist
large, dynamic driving forces in tension. In addition, relaxation losses increase with time and
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where a concern for beam deflection is over the entire service life, typically piles are driven in
the first few weeks or months after casting. The prestressing is essentially for construction loads
and long term relaxation losses are not of concern.
Prestress losses have four components that occur after force transfer (cutting of strands)
to concrete: elastic shortening (ES), relaxation (R), creep of concrete (CR) and shrinkage of
concrete (SH). Three of these four components are proportionately related to modulus with
lower Es lower stresses occur (ES, CR, SH). For example, the elastic shortening component
prestress loss is shown below. Losses are exactly, proportionately, less. Once again, less stress
loss is a positive aspect of using stainless steel with a lower Es.
𝑓𝑝 𝐸𝑆 = 𝑛𝑓𝑐𝑠

n= modular ratio

𝐸

𝑛 = 𝐸𝑠

𝑐

and 𝑓𝑐𝑠 = initial concrete stress

The fourth component, which is not directly, proportionately related to MOE results in an
increase of losses due to lack of stress-relieving and lower yield strengths. The prestress loss for
stainless is on the order of five times the stress loss of grade 270. According to Tables 4.7 and
4.9, a 20% lower MOE and 33% lower yield strength (170 ksi compared to 251 ksi) is expected for
a grade 316 steel. These two properties, MOE and yield greatly affect pile design in both positive
and negative ways. Test results and justifications follow for final design MOE and yield strength
values. For additional explanation and examples on design see Chapter 6 for details.
4.3.2 MOE and Yield Strength Analysis and Discussion
There were 25 tests on three grades of high strength strands. Eleven tests each of Duplex
2205 and 316 strands, there were also three control tests using grade 270. For each alloy two
graphs representing the most typical behavior are presented. First, the test results of the grade
270 controls are discussed then 316 and finally the Duplex 2205 MOE and yield strengths.
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In the Figures 4.7 and 4.8 the stress-strain graphs can be seen for the control strands,
grade 270. The third test was not usable, noted “No Good –Slipped” on the test log. The design
value for Young’s modulus for grade 270 prestressing steel is typically taken at 28,500 ksi. ASTM
416 does not set a requirement for MOE, however the requirements that must be met are for (1)
breaking strength minimum of 270 ksi (2) yield strength minimum of 242 ksi (3) elongation
minimum of 3.5% and (4) relaxation maximum of 2.5% at 70% of ultimate at 1000 hours. See
Table 4.3 for comparison of test results and ASTM A416 standards. Combination of (1) and (3)
as well as (4) imply a minimum MOE. According to ASTM A416, 100% of strands tested should
pass these four minimum requirements. All three control strands exceeded the design values
stipulated by ASTM (as expected). The average MOE from the two tests for the control grade
which did not slip were 29,017 ksi while the average breaking strength was 284 ksi and the
average yield using the 1% extension was 251 ksi. The results confirm the test set-up and
methods of analysis; specifically, MOE cut-off at 0.6% strain method.
The blue line (linear portion) shown in Figures 4.7-4.12 was plotted with the
extensometer data and was cut-off at the 0.6% strain level. The orange line (curved, horizontal
portion) was plotted using the UTS head displacement for strain values from 0.6% strain to
fracture.
The 0.2% offset line (gray, linear line parallel to the blue line) was constructed by (1) using
the linear trendline function in Excel for the extensometer (blue) portion which provided a
formula of the y=mx+b convention. The slope (m) is the MOE, b is the y-intercept value, x is strain
and y is stress. (2) Find b so that y=0 and apply it to both the extensometer curve and the 0.2%
offset. (3) graph the equation using a starting point at x=0.002 or 0.2% offset from the
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extensometer line. The .2% offset method is a convention used by engineers to determine the
yield strength when designing with a material without a clear transition, usually indicated by a
knee in the curve, from the linear-elastic region to yielding.
300
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200

Test 1
fpu = 285 ksi
0.6% Strain @ 202 ksi
MOE: 29,260 ksi
Yield: 256 ksi

150
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50
0
0.000
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0.030
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0.070
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Figure 4.7 Grade 270 MOE Test 1.
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fpu = 283 ksi
0.6% Strain @ 194 ksi
MOE: 28,775 ksi
Yield: 245 ksi
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Figure 4.8 Grade 270 MOE Test 3.
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0.050

0.060

0.070

The 0.2% method, while customary, is not used in the ASTM standards for high strength
prestressed steel and judgement must be applied. For example, grade 270 has a yield strength
of 270 ksi. Take a look at Table 4.5 and the yield strengths using the 0.2% offset method, for the
two strands provided, this value was 263 ksi and 245 ksi for tests one and three, respectively.
ASTM instead allows the engineer to use a yield strength up to the lessor of 1% strain (0.001) or
90% ultimate. For these two strands, these values are 256 ksi and 252 ksi, the 90% of ultimate
values were 256 ksi and 254 ksi. The 1% extension and 90% ultimate strength values were more
conservative for Test #1 and less conservative for Test #2, in addition the 1% extension values
were more consistent between test stands, as such this may explain as to why ASTM does not
use the 0.2% offset method – it is does not always err on the conservative side and it is less
consistent compared to the other two methods of determining yield strength.
Table 4.5 Grade 270: Comparing Yields of 0.2% Offset to ASTM A416 Yield Requirements
Grade 270
Test #

2% Offset

1% Strain

90% UTS

Least of three
methods:

Test 1

263

256

256

256

Test 2

245

252

254

245

When applying the 0.2% method to stainless, it was thought the 0.2% offset method
would be a disadvantage in determining yield. In the two figures (Figures 4.9 & 4.10) stress-strain
graphs can be seen for two of the stainless steel 316 strands. There were five usable tests of the
eleven performed, there results are in Table 4.7. Errors in test data included:


Extensometer not working, it read a constant value of 0.64 due to connectivity
issues or extensometer readings were negative values.
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Extensometer pin removed after one minute of loading occurred (load rate 100
lb/sec).



Observable slip, stop and restarted test.



One test was started and stopped because UTS overheated.



Test result data saved over other tests before back-ups were saved.

The design values for 316 according to Moser were 203 ksi for ultimate, 23,770 ksi for
Young’s modulus and 177 ksi for yield as shown in Table 4.7 and due to limited studies were the
expected values for this relatively new construction material. National Strand and Insteel provide
high strength seven wire strand for telecommunications wires and their strengths were reported
as 180 ksi for 316 and 210 ksi for XM-29, respectively for ultimate. National’s value of ultimate
is closer to the USF Structures Lab average of 170 ksi. This is a 5.7% difference between the
ultimate strength measured and National Strand’s 316. Insteel’s ultimate is the highest of all
three reference ultimate strengths and is 21% greater than the USF tests. This difference drove
the decision to get the bar compositionally retested, where it was found that the steel was 316
not X-29 as previously thought. For the 316 tested at the USF Structures Lab, which had a
different composition and supplier than Moser’s, ultimate, yield and modulus were all
considerably lower. Table 4.6 last row, shows Moser to USF comparison as well as how the
average of the 316 strand properties fair with respect to the ASTM A416 values.
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Figure 4.9 Grade 316 MOE Test 9
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Figure 4.10 Grade 316 MOE Test 11
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Table 4.6 316 Modulus of Elasticity and Yield Strengths
MOE (ksi)
Low (1)

316 Test 1
316 Test 5
316 Test 6
316 Test 9
316 Test 11
AVG

High (2)

Indiscernible
– looked to 20,810
be two slips
17,800
14,720

Elongation

Yield (ksi)
1%
Extension

Ultimate
(ksi)

2.9%

160

169

3.1%

156

169

15%

2.6%

161

170

3%

2.2%

160

170

3.1%

158

170

2.8%

159

170

Elongation
(ksi)

Yield (ksi)
1%
Extension

Ultimate
(ksi)

2.8%

159

170

3.5%

242

270

20%

34%

37%

2.7%

177

203

+3.7%

-10.7%

-17.7%

% Diff
(diff/avg)

17%

17,110

19,930

18,540

18,000

15,910

19,170

19%

16,570

19,140

14%

Table 4.7 Comparison of 316 Tests to Standards [4] and Moser [34]

MOE (ksi)
USF Structures
16,570
Lab
ASTM A416
Standard
% Diff
(diff/standard)

Moser
% Diff
(diff/avg)

19,140

Nawy: 27,500
Burke: 28,800
41%

33%

23,770

-33.6%

-10.7%
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The design values for Duplex 2205 for ultimate strength according to Moser were 196 ksi
and according to Paul, 241 ksi. For Young’s modulus, Moser’s Duplex 2205 was 24,190 ksi and
Paul’s was 23,000 ksi. As for the yield strength measured at 1% elongation, Moser reported 166
ksi and Paul 228 ksi. These tests results for Young’s modulus, when taking the average of the
high and low values yield an MOE of 24,575 ksi which is higher than both Moser and Paul
corroborating that the low end MOE should be reported as final MOE values. However, the
ultimate and yield strengths at 256 ksi and 223 ksi respectively were also higher, so perhaps a
higher MOE is warranted. The strain measured at ultimate for the Duplex 2205 was between
Moser and Paul’s ultimate strain values. Additional detail on the three duplex tests that best
represented the experiments can be seen in Table 4.8 and a comparison to Moser and Paul’s
values for Duplex is presented in Table 4.9.
Table 4.8 MOE Duplex 2205
MOE (ksi)

Test 20
Test 22
Test 25
AVG

% Diff
(diff/avg)

Elongation

Yield (ksi)
1%
Extesnion

20%

2.2%

223

256

17%

1.9%

231

257

3.9%

215

254

2.7%

223

256

Low (1)

High (2)

22,520

27,540

21,740

25,670

24,000

25,980

8%

22,750

26,400

15%
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Ultimate
(ksi)

Table 4.9 Comparison of Duplex 2205 Tests to Standards [4], Moser [34] and Paul [44]
MOE (ksi)
USF Structures
22,750
Lab

ASTM A416
Standard
% Diff
(diff/standard)
Moser

26,400

Elongation
(ksi)

Yield (ksi)
1%
Extension

Ultimate
(ksi)

2.7%

223

256

3.5%

242

270

22%

8%

5%

5.7%

166

196

-71.4%

+29.3%

+26.5%

1.6%

228

241

+51%

-2.2%

+6%

ASTM Does not specify
Norm: 28,500
Nawy: 27,500
Burke: 28,800
20%

7%

24,190

% Diff
(diff/avg)

-6.1%

Paul

23,500

% Diff
(diff/avg)

-3.2%

+11.5

+11.6%

The 316 and the Duplex 2205 had an issue with the extensometer readings where the first
300-900 data points taken were approximately the same strain value, MOE was determined by
excluding those points (Figures 4.9-4.12) calculate MOE and labeled as Low (1) Assumed Slip.
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Figure 4.11 Duplex 2205 MOE Test 20.
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Figure 4.12 Duplex 2205 MOE Test 22.
The modulus of elasticity without removing the initial portion is considerably higher – on
the order of 2.5-3.6 ksi out of 20-25 ksi. One of two things could explain this phenomenon,
(Tables 4.10-4.12): (1) either the extensometer grips were slipping a consequence of which the
strain readings would be lower, therefore it is assumed the curve would continue at the same
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slope and the MOE values reported are accurate or (2) the stress-strain behavior of almost no
elongation until approximately 25-30% of ultimate is reached followed by the curvilinear
behavior above is occurring, which would result in higher MOE values and the MOE values
reported are conservative.
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Yield: 230 ksi
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Figure 4.13 Duplex 2205 MOE Test 22 with Slip
The first scenario is justified by erring on the side of reporting conservative (smaller MOE)
mechanical property values. It is further validated that the extensometer was observed slipping
before catching the strand and measuring elongation. The second option, however, is backed
by the literature. These MOE values could be higher if the dislocation behavior is truly zero with
an applied stress (an opposite of pure yielding) and once a “breaking point” is reached the metal
acts as expected. In Table 4.12 the norm for Duplex is taken as the average of the three current
sources for MOE values: Paul, Moser and Sumiden, for the 316 it is taken as the MOE reported
by Moser. The second run MOE values are presented in Table 4.10 and 4.11 for for 316 and
Duplex 2205, the averages are then used in Table 4.12 for comparison.
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Table 4.10 316 2nd Run MOE Values (Reload)
1st Run MOE (ksi)
2nd Run MOE

Low (1)

High (2)

316 Test 5

14,720

17,800

21,890

316 Test 6

17,110

18,040

19,930

316 Test 9

18,540

18,000

20,410

316 Test 11

15,910

19,170

21,410

AVG

16,570

19,140

20,910

% Diff
% Diff
Low (1) & High (2) &
2nd Run
2nd Run
-3.2%

-18.7%

-14.1%

-9%

-9.2%

-11.8%

-25.7%

-10.5%

-20.8%

-8.4%

Table 4.11 Duplex 2205 2nd Run MOE Values (Reload)
1st Run MOE (ksi)
Low (1)

High (2)

Test 20

22,520

27,540

24,474

% Diff
% Diff
Low (1) & High (2) &
2nd Run
2nd Run
-8%
12.5%

Test 22

21,740

25,670

27,378

-20.6%

-6.2%

Test 25

24,000

25,980

25,157

-4.6%

3.2%

AVG

22,750

26,400

25,670

-11.4%

2.8%

2nd

Run MOE

As for which values to report for MOE due to the variation within the test results, the case
could be made for the (1) Assumed slip values for both the Duplex 2205 at 22,750 ksi and 316 at
16,570 ksi. This argument hinges on the fact that first run MOE is most applicable for concrete
embedment. For the Duplex 2205 steel the MOE value for (1) has the closest absolute value to
other MOE reported. For the 316, one could dismiss the large (30%) difference due to the fact
that 316 compositions and processes can vary from one strander to the next and that the most
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conservative value should be reported. However, it is the author’s opinion that the 2 nd run values
should be reduced by 2% (as is the pattern for grade 270) and used.
Table 4.12 Modulus of Elasticity for 316 and Duplex 2205 Low, High and 2nd Run MOE
Duplex 2205
(1) Assumed Slipped

MOE (ksi)

% Diff to Norm

22,750

-5.4%

Duplex 2205
(2) Assumed a New Region in
26,400
σ-є Diagram Before Elastic
Region
Duplex 2205
25,670
nd
2 Run
Duplex 2205
Normative Values
24,060
316
(1) Assumed Slipped

16,570

316
(2) Assumed a New Region in
19,140
σ-є Diagram Before Elastic
Region
316
20,910
nd
2 Run
316
Normative Values
23,770

9.7%

6.7%
None

-30.3%

-19.5%

-12%
None

For the Duplex 2205, the second run values are nearly as close to the norm as the low first
run values, but likely more accurate since the assumption of slip can be removed. Duplex 2205
design MOE is approximately 25,200 ksi. For the 316, the second run values are clearly the closest
to the norm; however, Moser’s values are for a high strength 316, one with an ultimate strength
18% higher and a yield strength 11% higher. Granted the MOE as discusses earlier for particular
grade does not change with strength, the differences in strength and MOE infers a lower strength
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more ductile 316 was tested at USF compared to Georgia Tech. With that said, and the second
run values for Duplex 2205 already established as the most dependable, logic follows that the
second run values of the 316 should also be most representative of the strand and a design MOE
for 316 can be taken at 20,500 ksi.
Table 4.13 Modulus of Elasticity Design Values for 316 and Duplex 2205

Duplex 2205

316

Suggested Design
MOE (ksi)

% Diff to Norm

25,200

+4.7%

20,500

-13%

4.4 Transfer Lengths
Due to the nature of the smooth surface of stainless, there were concerns that the
transfer length could be longer than with grade 270. When the full scale (75 ft) piles were cast,
strain gauges were placed on the surface. The ends of the piles start with zero stress and as the
concrete is able to provide more surface area around the strand as it continues to embed the
concrete stress should increase to a maximum value that corresponds to the desired prestress.
The transfer length is the distance from the end of the pile to the point of constant (maximum)
stress. According to AASHTO, transfer length is 60db (where db is bar diameter), an expression
with similar results can also be found in ACI 318-14 section 25.4.8.1.
𝑓𝑝𝑠 − 𝑓𝑠𝑒
𝑓𝑠𝑒
𝑙𝑑 = (
) 𝑑𝑏 + (
) 𝑑𝑏
3000
1000
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The first of the two figures, Figure 4.14, is a plot of strain versus distance from pile ends.
Using Hooke’s Law, the strain is multiplied by the MOE of the concrete which results in a
maximum concrete stress of approximately 1.355 ksi which can be seen in Figure 4.15, where
stress is plotted against distance but where the midspan of the pile is cut-out for a better look at
the transfer lengths.
A quick sample calculation for the Duplex 2205:
𝜎 = 𝐸є

𝐻𝑜𝑜𝑘𝑒 ′ 𝑠 𝐿𝑎𝑤

𝐸𝑐 = 57,000 ∗ √𝑓𝑐′

𝑎𝑛𝑑

𝑖𝑛

є = 315µє = .000315 𝑖𝑛 (𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠, 𝐹𝑖𝑔𝑢𝑟𝑒 4.13)

𝑤ℎ𝑒𝑟𝑒 𝑓𝑐′ ≃ 5700 (𝑠𝑒𝑒 𝐶𝐻 3)

𝜎 = (4,300 𝑘𝑠𝑖) ∗ .000315 = 1.355 𝑘𝑠𝑖 (𝐹𝑖𝑔𝑢𝑟𝑒 4.15)

Figure 4.14 Strain vs Distance from Pile End
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𝐸 ≃ 4,300 𝑘𝑠𝑖

Figure 4.15 Stress vs Distance from Pile End Close Up. Center of pile data cut to focus attention
on ends.
In Figure 4.15, it can be seen that Duplex 2205 had the shortest transfer length at
approximately 30 inches, grade 270 had the next shortest at approximately 40 in. The XM-29,
which could have been grade 316 had the longest transfer length at approximately 50 in. Note
the “316” is used for reference for the 2015 MOE tests because the compositions were slightly
different from the “316L” in the field– see Section 3.3. AASHTO stipulates that the transfer length
must be more than 60db, which is 30 inches for these approximately half inch diameter strands.
The Duplex had a slightly larger area of 0.161 in2 versus the grade 270 of 0.153 in2, which likely
explains why the Duplex transfer length was shorter. There is currently no explanation as to why
grade 270 did not meet the AASHTO requirement.
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Table 4.14 Transfer Lengths of HSSS Grades by Diameter
Steel Grade

Diameter

Circumference

Type 316L
Duplex 2205
Grade 270
XM 29

.490
.500
.506
.513

2.052
2.094
2.120
2.150

Concrete Strength Transfer
(psi)
Length
6015
47.8
5736
30.5
5736
48.0
6015
52.6

Circumference is of more interest than cross sectional area for the purpose of scrutinizing
transfer length patterns. By Table 4.14, grades are listed by diameter with the smallest first and
it would be expected that Type 316L with the smallest circumference would have the longest
transfer length; however, XM-29 had the longest transfer length despite having the largest
circumference to dissipate prestressing forces to the section. While diameter is the driving aspect
for typical steel-concrete interface (both reinforcing and strand), this relationship is not apparent
for stainless grades, or the circumferential differences of 4.6% are negligible.
Concrete strengths are known to affect transfer lengths. Could this explain the
discrepancies seen above with diameter and transfer length, in particular, explain why the XM29 has the longest transfer length instead of the shortest? There were two separate truckloads
of concrete as seen in Table 4.14 with two strengths: the weaker 5736 psi which was placed over
the grade 270 and Duplex 2205 and placement of 6015 psi over the 316L and XM29. The
difference is negligible, less than 5%, and while several authors have proven longer transfer
lengths for weaker concrete, the correlation was made between high performance/strength
concrete (7,000 – 15,000 psi) compared to typical (3,500 – 6,500 psi) concrete and even in
concluding these relationships, the data is somewhat scattered [66]. In addition to this, if
concrete was a contributing factor, it should have resulted in a shorter XM-29 transfer length –
the same with the 316L. Does this mean that the two austenitic grades have less transfer length
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efficiency? Not necessarily, as stated, the data is inclusive for such a small discrepancy in concrete
strength on transfer length, therefore there was no apparent advantage.
In Table 4.15 the transfer lengths are given in order of least to greatest modulus of
elasticity. The Hoyer Effect [67] states that “upon releasing of the prestensioned force the
decrease in tendon tension results in an increase in tendon diameter” [68]. Therefore, materials
with a low modulus of elasticity, having higher strain values for equivalent stress states,
experience larger lateral strains due to Poison’s effect, thus decreasing anticipated transfer
lengths. Unfortunately, there seems to be no discernable pattern relevant to MOE either, despite
an approximate 30% difference in MOE.
Table 4.15 Transfer Lengths of HSSS Grades by MOE. Corrected values are adjusted based on the
difference in strain measured between live and dead end piles. For example, the 316L corrected
value was 47.8(1-12.7%)=41.7.
Steel Grade

Diameter

MOE

Strain (ue)

Transfer Length
corrected
measured

Type 316L
XM 29
Duplex 2205
Grade 270

0.490
0.513
0.500
0.506

20,500
22,100
25,200
28,500

275
295
310
315

41.7
49.3
30.0
48.0

47.8
52.6
30.5
48.0

The adjusted transfer lengths in Table 4.15 are based on the strain gradients observed
and an assumption of a linear relationship between the expansion of the strand and the resulting
average steel-concrete bond stress developed. Grade 270 was located at the live end and
experienced the largest strain while the 316L was located at the dead end of the four beds in
series and experienced the least amount of strain. Difference in strain is 40*10^(-6) or 12.7%. The
intention of casting the four 75 ft piles in series simultaneously was to assure equal prestressing
force between piles. However, with detensioning a small portion of force was likely lost. As seen
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in Table 4.15 and Figure 4.15 the difference in strain from one grade to the other is an effect of
the location and sequence of strand detensioning.

14in x 14in, 75ft long prestressed piles

Plain Carbon
Live End Header

Type XM-29(I)

Duplex 2205 (S)

Transfer Chucks

Strands

Type 316L (N)
Dead End Header

400 ft

Figure 4.16 Strand Layout in 400 ft Bed. Full scale testing presented an opportunity for transfer
length tests. Compare location to “Live End Header” to increased strain values.
Grade 270 was located at the live end and experienced the largest strain while the 316L
was located at the dead end of the four beds in series and experienced the least amount of strain.
The difference in strain was 40*10^(-6) in/in or 12.7% between these two extremes. If a linear
relationship between Hoyer’s Effect and transfer length is assumed, it could be postulated that a
corrected transfer length would be 47.8(1-.0127) = 41.7 in for the 316L and an XM-29 transfer
length of 49.3 in. If this is the case, the values would make better sense as the low MOE should
result in a smaller transfer length due to Poison’s effect and greater lateral strain. The grade 270,
with the highest MOE as one of the two highest transfer lengths and 316L is lower than two of
the other three with higher modulus. Contrary to MOE/Hoyer effects and circumference effects,
the XM-29 should have the smallest transfer length as it has the largest diameter and second
lowest MOE. In conclusion, there is no concern of longer than usual transfer lengths for the
stainless grades considered; however, the reason for this trend was not discerned.
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CHAPTER 5: PILE DESIGN CALCULATIONS
Design engineers in the southeastern region of the country use three inches of cover
when designing prestressed concrete with grade 270 strand to protect the strand from corrosion.
ACI 318-14 requires two inches of cover according to section 20.6.1.3.1. Three inches of cover is
required only when cast against the ground according to ACI; however, the Florida state
standards require three inches of cover for precast piles due to the aggressive environment
created by seawater and warm weather. Several researchers have demonstrated that Duplex
2205, 316, 17-7 and XM-29 all have reasonable potential to reach a 75-100 year service life [3,
13, 34], while no researcher has performed a thorough LCA or Arrhenius relationship to
demonstrate it unequivocally, it can be reasonably inferred [7, 26, 27, 60].

(a)
(b)
Figure 5.1 Pile Design Cross Sections. Cross section (a) Stainless Piles using 2" cover and (b) Grade
270 (1080) using 3" cover.
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Using a stainless steel alloy, the cover could be reduce to two inches, possibly less. This
would increase the ultimate bending capacity but the cracking moment/service state would
remain unchanged. In order to transfer tendon force to the section, a two inch cover will be
assumed [67, 68]. The layout of the strand changes due to the reduced cover. For weaker grades
of stainless, the number strands would increase as well (see Section 5.3.2: 316 Twelve Strand
Configuration). As such, Chapter 5 discusses how these changes along with material property
differences, will impact strength and service limit states.
5.1 Introduction to Pile Design
Piles are designed to withstand axial forces inducing compression (and tension) as well as
lateral forces that impose bending stresses within the pile. This is the case for piles used on piers
or wharves where mooring would occur, piles are designed to resist bending due to vessel
collisions and wind loads. Engineers design for these two stress states simultaneously because
the stresses are superimposed, exacerbating stresses on one side of the pile while countering
each other on the other side. The most convenient way to design for these stresses is to use
interaction diagrams. An interaction diagram plots the axial capacity of a pile on the y-axis and
the bending capacity on the x-axis (see Figure 5.2). When a designer plots their axial and bending
demand on the interaction diagram it must fall within/under the curve or the pile is undersized.
The region of curve dictates the next step in the design phase. If the pile is axially controlled a
larger section may be needed whereas if it is bending controlled, more steel might be required.
Where the demand is plotted within tells the designer how safe the pile is as well. For example,
the location of the demand point indicates a tension or compression controlled pile. It also
reveals the approximate excessive capacity available. When the demand is within the capacity
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curves, the designer can be confident of their section and material property choices and confirm
the design with more specific calculations.
Most design firms have a software program that helps them generate the interaction
diagram based on section properties (cross-section, layout, diameter size) and material
properties (concrete and steel strength, MOE, etc.). Interaction diagrams are not only used for
prestressed piles, but more commonly, for building columns using Grade 60 steel. Figure 5.2 is
of a typical interaction diagram for Grade 60 steel. While interaction diagrams for reinforced
columns are fairly common and easy to generate, those for prestressed members are limited
especially with regards to using a novel material, therefore interaction diagrams were generated
for prestressed grade 270, Duplex 2205 and 316 strands.
700
600
500

Axial Load, FPn (k)

400
300
200

Design

100

Parameters

0

-100

0

20

40

60

80

100

120

Moment, FMn (k-ft)

Figure 5.2 Typical Interaction Diagram. The axial load and bending moment demand/or design
parameter point must fall within the capacity curve illustrated.
Material properties obtained in these experiments (MOE, yield strength, proportional
limit) were used to calculate the axial and bending capacities for several different stress states:
pure bending, compression controlled, balanced point, tension controlled and zero tension.
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Plotting the capacities at each stress state creates an interaction diagram. For the sample
calculations both grade 270 and Duplex 2205 are shown in parallel for easy comparison while the
316 prestressed columns follow with an eight and twelve strand configuration.
The MOE used is the average MOE for Duplex 2205 stainless steel reported by Paul 2015
and by Sumiden Steel 2015. For creation of the interaction diagram the effective prestress values
are assumed using lump sum losses according to ACI 318-14 commentary [2]. Prestress losses
will be discussed further in section 5.4 Prestress Losses, but for now, Equation 1 and 2 use the
lump sum reduction of 35 ksi for stress relieved strands and 20 ksi reduction for low-relaxation
strands.
5.2 Building the Interaction Diagram for Duplex Steel
The Duplex 2205 stainless steel was considered to behave as stress relieved tendons
based on the relaxation tests performed in the Structures Lab at the University of South Florida.
However, other tests [52], [44] have shown that the Duplex 2205 steel had equivalent relaxation
rates and was not at a disadvantage to low-relaxation 1080. Stress relieved behavior of the
Duplex 2205 strand was directly observed in the USF Structures Lab during relaxation tests and
by Moser in earlier tests from GATech [33], in addition, it is the more conservative assumption
yielding a worst case scenario.
Yield strength for the Duplex 2205 steel was based on the 0.2% offset method, as it was
more conservative than the 1% strain [44]. Strain compatibility using the Whitney Stress Block
and β factor as a function of concrete strength was assumed to be an accurate representation of
the prestress model for piles.
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Prestressed concrete design is based on strain compatibility. The strain values for yield,
modulus of elasticity and the distance of the strand being considered from neutral axis are all
critical elements. Below are the distances from the extreme compressive fiber in the pile, d1-d3
for the three layers; these are illustrated in Figure 5.3 as well. The distances are different for
stainless steel and grade 270 because the cover varies from three to two inches, respectively.

Figure 5.3 Moment Arms and Distances from Concrete Surface. Cover varies and is three inches
for grade 270 and two inches for all stainless grades.
5.2.1 Pure Compression
Point of pure compression, Pn,o is a stress state with zero bending stress and maximum
compressive stress. Note that equation (5), the concrete capacity, is equal for both stainless and
grade 270 as it is dependent on concrete strength and cross section. Equations (1-4) can be found
in Appendix A and have been removed from the discussion section for clarity. The concrete
compressive capacity is calculated below.
𝐶 = 0.85𝑓′𝑐 𝐴𝑛𝑒𝑡 ≃ 993 𝑘𝑖𝑝

𝐴𝐶𝐼 318 − 14 𝐸𝑄 22.2.4.2.

(5)

To obtain the effective strain in the concrete, use Hooke’s Law
є𝑐𝑒 =

𝑓𝑝𝑒 𝐴𝑝𝑠
𝐸𝑐

𝑎𝑛𝑑

(6)
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є𝑐𝑒𝐿𝑅

0.153𝑖𝑛2 (8) ∗ 207𝑘𝑠𝑖
=
= 0.0000368
4415𝑘𝑠𝑖 ∗ (14 ∗ 14) − 1.224)𝑖𝑛2

𝑠𝑖𝑚𝑖𝑙𝑎𝑟𝑙𝑦 є𝑐𝑒𝑆𝑆 = 0.0000298

The effective strain in the strands can then be calculated.
є𝑝𝑒𝐿𝑅 = 0.007263 =

𝑓𝑝𝑒𝐿𝑅
𝐸𝐿𝑅

167 𝑘𝑠𝑖

є𝑝𝑒𝑆𝑆 = 24,000 𝑘𝑠𝑖 = 0.006958

(7)

Following the process outlined in Naaman [71], the resulting strain of the system є𝑝𝑠 for
each pile is 0.0039 in/in for stainless and 0.0043 in/in for plain carbon as shown in equation (8).
є𝑝𝑠 = є𝑝𝑒 + (є𝑐𝑒 − є𝑐𝑢 );

є𝑝𝑠𝑆𝑆 = 0.0039878

є𝑝𝑠𝐿𝑅 = 0.0042998

(8)

It might be easier to visualize equation (8) using Figure 5.4. The strain in the strands at
maximum load, є𝑝𝑠 calculated in equation (8) represents the maximum amount of compressive
strain the tendons can undergo before the concrete crushes. The horizontal line on Figure 5.4
(b) represents the amount of concrete strain occurring due to the prestressing in the pile and the
dashed line in Figure 5.4 (c) represents the maximum compressive strain allowed by ACI. The
difference between the є𝑐𝑒 𝑎𝑛𝑑 є𝑐𝑢 is the additional allowable strain. From an axial capacity
perspective, when externally loaded, the concrete will be compressed by this change in
compressive strain 𝛥є𝑝𝑠 = (є𝑐𝑒 − є𝑐𝑢 ) releasing the force on the pile imposed by the strand.
This is why this term 𝛥є𝑝𝑠 reduces the strain of the system, є𝑝𝑠 .
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Tendons in
tension.

Concrete
compressive
strain which
hold tendons at
єpe. in tension.

Єpe =+0.7%

Єce = 0 .003%

(a)

(b)

Load applied
“releasing” strain in
strands to a max of
єcu.

(c)

Єcu = -0.3%
Potential Strain
before concrete
crushing

Figure 5.4 Strain in Tendons. (a) Strain in tendons, see equation (7) (b) strain in concrete due to
prestressing, see equation (6) (c) when the pile is loaded, the strain in the tendons is released up
to the maximum compressive strain allowed, see equation (8).
It was assumed the proportional limit for the stainless steel was that reported by Paul
(0.001 in/in) as USF test results tended to corroborate this; however, the transition from linear
to non-linear stress strain behavior is difficult to determine and more research should be done
to confirm the yield stress and proportional limits of stainless steel. The strain at maximum
compression should be checked against the proportional limit for each grade, see equation (9) in
Appendix. See Chapter 4 for discussion of these properties for the USF tests. Assuming that
Hooke’s Law is valid for the state of stress given, the compression force due to the stress of the
tendons, Tip present would be:
𝑇𝑖𝑝 = 𝐴𝑝𝑠 𝑓𝑝𝑠

𝑇𝑖𝑝𝐿𝑅 = 149 𝑘𝑖𝑝

𝑇𝑖𝑝𝑆𝑆 = 120 𝑘𝑖𝑝

(10)

This force applies compression to the pile, therefore the compressive capacity of the piles is
reduced by the prestressing ƩTip.
𝑃𝑛,𝑜𝐿𝑅 = 993 − 149 = 844 𝑘𝑖𝑝

𝑃𝑛,𝑜𝑆𝑆 = 872 𝑘𝑖𝑝

Using a strength reduction factor (Φ) of 0.75 (ACI 318-14 21.2.2) and maximum axial strength
reduction, λ, for spiral confinement of 0.85 (ACI 318-14 Table 22.4.2.1), the corresponding point
on the interaction diagram for pure compression is:
𝛷𝑃𝑛,𝑚𝑎𝑥 = 𝛷𝜆𝑃𝑛,𝑜 𝛷𝑃𝑛,𝑚𝑎𝑥𝐿𝑅 = 538 𝑘𝑖𝑝

𝛷𝑃𝑛,𝑚𝑎𝑥𝑆𝑆 = 555 𝑘𝑖𝑝
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(11)

This point can be seen on the interaction diagrams in Figure 6.8 and 6.9 as the point of
pure compression. The axial capacity for stainless grades are higher due to the lower Young’s
modulus and lower strains throughout.
5.2.2 Zero Tension
The second point on the interaction diagrams is the point of zero tension, where the
depth of the compression block, c = b = 14 in. This is because there is zero tension on one side
of the pile, defining the neutral axis.
Using similar triangles on the strain distribution diagram, the amount of strain in each
layer can be determined and reduce the compression capacity by Tip as before. Appendix A has
the calculation for finding the change of strain in each layer in equations (12-14), the final axial
capacities for zero tension would then be:
𝛷𝑃𝑛,0𝑡𝐿𝑅 = 411 𝑘𝑖𝑝; 𝛷𝑃𝑛,0𝑡𝑠𝑠 = 439 𝑘𝑖𝑝
The moment capacity strength which developed by the couple moment of the resultant
compression block and tension force in each layer times the moment arm can be expressed as:
ℎ

𝑎

ℎ

𝑀𝑛0𝑡 = 𝐶 (2 − 2) + Ʃ𝑇𝑝𝑖 (𝑑𝑖 − 2)

(17)

A sample calculation for both the low relaxation and stainless steel is presented in Appendix A.
The final moment capacities without reduction factors are:
𝑀𝑛0𝑡𝐿𝑅 = 1376 𝑘𝑖𝑝 ∗ 𝑖𝑛
𝑀𝑛0𝑡𝑠𝑠 = 1404 𝑘𝑖𝑝 ∗ 𝑖n
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The slight increase in capacity in the moment strength of the stainless steel over the
Grade 270 steel can be attributed to larger moment arms due to the smaller (2 in vs 3 in) cover.
The zero tension point is graphed in Figure 5.8 and 5.9.
5.2.3 Balanced Point
For the balanced point condition, where є𝑝𝑠 = є𝑝𝑦 , c, or depth of the compression block,
can be calculated using similar triangles as seen in Figure 6.5 and through equation (18).
Єps =0.01 (LR)
Єcu =0.003

Figure 5.5 Balance Point Strain Diagram
𝑐𝐿𝑅
𝑑𝑖𝐿𝑅 −𝑐𝐿𝑅

=є

є𝑐𝑢

(18)

𝑝𝑦𝐿𝑅 −є𝑐𝑒𝐿𝑅 −є𝑝𝑒𝐿𝑅

For low relaxation steel, є𝑝𝑦𝐿𝑅 = 0.01, and for Duplex 2205, є𝑝𝑦𝑆𝑆 = 0.012. Using the
new c value for the balanced condition, the new 𝛥є𝑝𝑠 for each row of steel can be calculated.
These are shown in the appendix under equation (19) and the resulting strains for yield provide
a self-check as seen below:
є𝑝𝑠1𝐿𝑅 = є𝑝𝑒𝐿𝑅 + (𝛥є𝑝𝑠 )1𝐿𝑅 = 0.010000 𝑎𝑛𝑑 є𝑝𝑠1𝑆𝑆 = 0.012000 [𝑠𝑒𝑙𝑓 𝑐ℎ𝑒𝑐𝑘 = є𝑝𝑦𝐿𝑅 ]
The balanced point moment capacity for the low relaxation and stainless steel, is respectively:
𝑀𝑛,𝑏𝐿𝑅 = 1555 𝑘𝑖𝑝 ∗ 𝑖𝑛

𝑀𝑛,𝑏𝑠𝑠 = 1407 𝑘𝑖𝑝 ∗ 𝑖𝑛
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5.2.4 Pure Bending
The next point on the interaction diagram to calculate is the point of pure bending. Pure
bending occurs when Pn =0 and the location of the neutral axis is unknown. This is a trial and
error process, as such a spreadsheet was created to hone in on a solution that would yield
0 𝑘𝑖𝑝 ≃ |𝑃𝑛 |. The correct depth of the neutral axis, c, is 5.1 in for grade 270, and 4.3 in for the
Duplex 2205. Equations (24) and (25) in the appendix calculate the resulting strain using this
location for the neutral axis.
Then Hooke’s Law is applied to the layers where the strain is less than the proportional
limit strain. If the strain is greater than the proportional limit strain, then the following empirical
formula is used for grade 270, as seen in equation (26). While this relationship has been proven
adequate for 1080 steel, it should be redefined for each stainless steel alloy.

𝑓𝑝𝑠 = 28,500 [0.01174 +

0.98826
([1+(107.871∗𝜖𝑝𝑠 )

7.34 1⁄7.34

]

(26)

]

𝜖𝑝𝑠𝐿𝑅 = 0.01 𝑎𝑛𝑑 𝜖𝑝𝑠𝑆𝑆 = 0.012
For stainless steel, the experimental values of stress corresponding the strain calculation
were used. The stress and forces associated with these strains can be found in equations (27)
and (28) of the appendix.
To calculate the Pn, which should be approximately zero, the concrete component of axial
strength is calculated with an initial c guess of 5.1 in for low relaxation and 4.3 in for the 2205
duplex stainless steel. As seen in equations (29) through (31), these c values are adequate and
the corresponding moment strengths are:
𝑀𝑛,𝑏 𝐿𝑅 = 1496 𝑘𝑖𝑝 ∗ 𝑖𝑛 𝑜𝑟 𝑎𝑝𝑝𝑟𝑜𝑥 125 𝑘𝑖𝑝 ∗ 𝑓𝑡
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𝑀𝑛,𝑏 𝑆𝑆 = 1412 𝑘𝑖𝑝 ∗ 𝑖𝑛 𝑜𝑟 𝑎𝑝𝑝𝑟𝑜𝑥 117 𝑘𝑖𝑝 ∗ 𝑓𝑡
5.2.5 Compression Controlled
For the pile to be compression controlled, the change of strain in the tensile layers must
not surpass 0.002 before the compressive strain reaches 0.003, as illustrated in Figure 5.6. At a
strain of approximately 0.003, the concrete crushes without warning, this is expected in axial
components.

ΔEps1 = 0.002
Єcu = 0.003

Figure 5.6 Compression Controlled Strain Diagram.
Set the change in steel stress Δ𝜖1𝑝𝑠𝐿𝑅 = 0.002 for compression controlled and the
following change of stresses and stresses occur in the low relaxation pile. Equations (32) through
(35) are for the change of strain and corresponding stress in each layer for grade 270 and
stainless.

The resulting axial capacity and moment capacity for grade 270 and stainless are

𝑃𝑛𝑐𝑐𝐿𝑅 = 77 𝑘𝑖𝑝 𝑎𝑛𝑑𝑃𝑛𝑐𝑐𝑆𝑆 = 153 𝑘𝑖𝑝, and 𝑀𝑛,𝑐𝑐 𝐿𝑅 = 1661 𝑘𝑖𝑝 ∗ 𝑖𝑛, 𝑀𝑛,𝑐𝑐 𝑆𝑆 = 1813 𝑘𝑖𝑝 ∗ 𝑖𝑛.
5.2.6 Tension Controlled
A tension controlled section should have a point of axial capacity and moment capacity
close to that of pure bending. This is because the tension controlled section is in considerable
bending – to the point that the failure mode is ductile and caused by an applied moment. When
the steel reaches a strain value of 0.005, cracking, deflection of the pile and cracking of the
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concrete will be seen on the tensile side of the pile before failure or crushing occurs on the
compressive side of the member.
Set the change in steel stress Δ𝜖1𝑝𝑠𝐿𝑅 = 0.005 for compression controlled, the change of
stresses and resulting stress states which occur in can be found in the appendix between
equations (36) and (37). The stresses in each layer use the previous relationship already
established an the corresponding forces are found in equations (37) and (38).

ΔEps1 = .005
Єcu =.003

Figure 5.7 Tension Controlled Strain Diagram.
The c value for the compression controlled state is back calculated using similar triangles
to establish a change of strain of 0.005 in the tension steel. For low relaxation and stainless the
c values are 3.89 in and 4.26 in respectively. Moment capacities would then be as follows:
𝑀𝑛,𝑡𝑐 𝐿𝑅 = 1245 𝑘𝑖𝑝 ∗ 𝑖𝑛 𝑜𝑟 𝑎𝑝𝑝𝑟𝑜𝑥 104 𝑘𝑖𝑝 ∗ 𝑓𝑡
𝑀𝑛,𝑡𝑐 𝑆𝑆 = 1408 𝑘𝑖𝑝 ∗ 𝑖𝑛 𝑜𝑟 𝑎𝑝𝑝𝑟𝑜𝑥 117 𝑘𝑖𝑝 ∗ 𝑓𝑡
5.2.7 Interaction Diagrams of Duplex 2205 and Grade 270
The axial capacities and corresponding bending capacities are provided in both the
interaction diagrams in Figures 5.8 and 5.9 as well as in Table 5.1 and 5.2. For all practical
purposes, the piles have approximately the same load carrying capacity.
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Figure 5.8 Grade 270 Interaction Diagram
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Figure 5.9 Duplex 2205 Interaction Diagram
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Table 5.1 Low Relaxation Steel Interaction Diagram Points
Pure
Compression

Zero
Tension

Compression
Controlled

Balanced

Tension
Controlled

Pure
Bending

Pn, kips

717

547

77

25

-79

0

Mn, kip-in

0

1376

1662

1555

1246

1496

Φ factor

0.75

0.75

0.75

0.75

0.90

0.90

ΦPn

538

411

58

19

-72

0

ΦMn

0

1032

1246

1167

1121

1346

Table 5.2 Duplex 2205 Stainless Steel Interaction Diagram Points
Pure
Compression

Zero
Tension

Compression
Controlled

Balanced

Tension
Controlled

Pure
Bending

Pn, kips

742

584

153

-11

-11

-2

Mn, kip-in

0

1405

1813

1407

1409

1412

Φ factor

0.75

0.75

0.75

0.75

0.90

0.90

ΦPn

557

438

114

-8

-10

-2

ΦMn

0

1054

1360

1055

1268

1271

5.3 Building the Interaction Diagram for Type 316
The same series of calculations have been performed using 316 stainless steel. The MOE
used for these calculations was 16,470 𝑘𝑠𝑖, the corresponding yield strength was 150 ksi. Values
can be seen in Table 5.3 for the eight strand configuration. Pure bending and tension controlled
were the two stress states that exceeded the proportional limit for grade 316 stainless steel at
0.014 in/in and 0.011 in/in respectively, stress values from Test 11 of 175 ksi and 162 ksi were
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used to determine the strand forces and corresponding axial and moment capacities seen in
Table 5.3.

In addition, a twelve strand configuration was needed for the 316 due to the lower

strength of the strands (Figure 5.10). This changed the effective compressive stress, 𝜖𝑐𝑒 , and the
number of layers (4 layers) and the number of strands in each layer (4,2,2,4) which will effect
both axial and bending capacity. It will affect the number of layers and moment arm distance
between each layer and the extreme compression fiber. The results can be seen in Table 5.4.
Table 5.3 Eight Strand: Type 316 Interaction Diagram Points
Pure
Compression
Pn, kips

Zero
Tension

Compression
Controlled

Balanced

Tension
Controlled

Pure
Bending

740

646

196

119

43

0

1349

1625

1446

1241

1078

Φ factor

0.75

0.75

0.75

0.75

0.90

0.90

ΦPn

555

484

147

89

39

-9

0

1012

1219

1085

1117

970

Mn, kip-in

ΦMn

-10

Table 5.4 Twelve Strand: Type 316 Interaction Diagram Points
Pure
Compression
Pn, kips

Zero
Tension

Compression
Controlled

Balanced

Tension
Controlled

Pure
Bending

725

567

145

331

-14

0

0

1399

1758

1852

1362

1408

Φ factor

0.75

0.75

0.75

0.75

0.90

0.90

ΦPn

544

425

109

248

-12

0

0

1049

1319

1389

1226

1267

Mn, kip-in

ΦMn
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If bending is not of prime concern, an eight strand pile would suffice as a replacement for
grade 270 with an axial capacity of 592 kip compared to 580 kip. However, if the supported load
is eccentric or a lateral impact load occurs, the 12 strand is superior in bending strength starting
at the balanced point and continuing to pure bending where the twelve strand has a bending
strength of 1267 kip-in compared to 939 kip-in for the eight strand, a difference of 34.9%.
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Figure 5.10 Eight Strand 316 Interaction Diagram
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Figure 5.11 Twelve Strand 316 Interaction Diagram
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5.4 High Strength Stainless Strand Piles and Prestress Losses
There are three time independent components of prestress losses: elastic shortening (ES),
anchorage (A) and friction (F) and three time dependent components: creep (CR), relaxation(R),
and shrinkage (SH). The total prestress loss is simply the sum of the six components. This section
starts with the immediate losses since piles are typically cast and driven fairly quickly and
prestress is primarily to resist tension waves during pile driving.
5.4.1 Elastic Shortening
Elastic shortening losses, like many are built on the basic mechanics of Hooke’s law as
applied to a composite material. The initial strain in the concrete is referred to as єES and is equal
to the initial prestressing force divided by the product of the MOE of the concrete Ec and the area
of the section. The stress in the steel can be calculated by multiplying the strain by MOE of the
steel, Es.
𝐸𝑃

𝛿𝑓𝑝 𝐸𝑆 = 𝐸𝑠 є𝐸𝑆 = 𝐸𝑠𝐴𝑖 = 𝑛𝑓𝑐𝑠

(45)

𝑐 𝑐

The stress in the concrete at the centroid of the steel is fcs and due to the initial
prestressing. For a typical 14 in square pile with 6,000 psi concrete where the initial concrete
strength, fci = 4,000 psi, Ec = 3.6 ksi and according to FDOT Design Standards, each of the eight
strands are stressed to 31 kips (202 ksi or 75% of ultimate), the initial prestressing force, P i =248
kips. The MOE is 28,500 ksi (Es = 28,500 ksi). For compression elements which have no eccentricity
or moment at release, the induced concrete stress, fcs is simply:
𝑃

𝑓𝑐𝑠𝐿𝑅 = 𝐴 𝑖 =
𝑐

𝑓𝑐𝑠316 =

248 𝑘𝑖𝑝
196𝑖𝑛2

165 𝑘𝑖𝑝
196𝑖𝑛2

≃ 1265 𝑝𝑠𝑖

𝑓𝑐𝑠2205 =

≃ 840 𝑝𝑠𝑖
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224 𝑘𝑖𝑝
196𝑖𝑛2

≃ 1140 𝑝𝑠𝑖

(46)

And the stress loss due to elastic shortening in the steel strands is approximately 10,000 psi.
𝑓𝑝𝐸𝑆𝐿𝑅 = 𝑛𝑓𝑐𝑠 =

28.5
3.6

∗ 1265𝑝𝑠𝑖 ≃ 10,000 𝑝𝑠𝑖

(47)

An approximate 5% loss of stress in the steel strands is due to elastic shortening of the
concrete (starting stress at 202,000 psi). If stainless is substituted the elastic shortening is less in
magnitude but proportionally equal, the measured MOE values were 11.5-28% lower, therefore
the design MOE for HSSS Duplex would be 25,200 ksi and for Type 316 20,500 ksi were used.
Considering the initial stress states were less, see equation (46) above as well as their starting
stress at 183,000 psi for Duplex 2205 and 135,000 psi for 316. The relative elastic shortening
stress losses was approximately 5% for all three alloys.
𝑓𝑝𝐸𝑆2205 =
𝑓𝑝𝐸𝑆316 =

25.2
3.6

20.5
3.6

∗ 1140𝑝𝑠𝑖 ≃ 7,980 𝑝𝑠𝑖

∗ 840𝑝𝑠𝑖 ≃ 4,780 𝑝𝑠𝑖

5.4.2 Anchorage and Friction
The prestress losses due to slip of the grips in the bed are referred to as anchor set losses.
Anchorage losses only occur in post-tensioned members and while this example is prestress,
calculations here demonstrate that anchorage losses are exactly, proportionately less. Friction
losses do not occur on symmetrically loaded members and as such no friction loss calculations
are presented.
𝛥

1

𝛥𝑓𝑝𝐴 = ( 𝐿𝐴) ∗ 𝐸𝑝𝑠 𝑤ℎ𝑒𝑟𝑒 𝑎𝑠𝑠𝑢𝑚𝑒𝑑 𝑎𝑛𝑐ℎ𝑜𝑟𝑎𝑔𝑒 𝑠𝑙𝑖𝑝 𝑖𝑠 4 𝑖𝑛 𝑓𝑜𝑟 𝑎 75 𝑓𝑡 𝑙𝑜𝑛𝑔 𝑝𝑖𝑙𝑒
0.25
𝛥𝑓𝑝𝐴𝐿𝑅 = (
) ∗ 28.5 = 7,900 𝑝𝑠𝑖
75 ∗ 12
.25

0.25

𝛥𝑓𝑝𝐴2205 = (75∗12) ∗ 25.2 = 7,000 𝑝𝑠𝑖

𝛥𝑓𝑝𝐴316 = (75∗12) ∗ 20.5 = 5,690 𝑝𝑠𝑖
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(48)

5.4.3 Creep Losses
Losses due to concrete creep are similarly calculated as those due to elastic shortening in
that to find the creep loss in the steel tendon, f pCR, the modular ratio is multiplied by the stress
in the concrete. Except the stress in the concrete is not due to the initial, elastic stresses, but
instead the compressive stress on the pile due to dead load. Note, the calculation process in
Nawy [69] assumes the design is for a beam, not a compressive element. The compressive
stresses are typically derived from dead load induced moments on the beam as opposed to the
axial load on a column. For this illustrative example, it will be assumed the pile capacity is
maximized (for cost savings) and 90% of the capacities is used with a dead load to live load ratio
of 3:1.
While the layout below would require an 640 kip capacity per pile (640 kip*3 pile =1920
kip), it will be assumed the same dead to live load ratio of 6.5:1 would also occur for a slightly
smaller structure where the 14 in piles would suffice with a 600 kip capacity. Therefore, if the
pile capacity is 600 kips and 90% is utilized, this results in a 540 kip demand of which 465 kip is
assumed dead load and 72 kips is assumed live load. The dead load of 465 kips is then used to
calculate the 𝑓𝑐𝑠𝑑 to get the compressive creep prestress loss component, 𝛥𝑓𝑝𝑆𝐻 in the concrete
in equation (49). The compressive creep prestress loss component, 𝛥𝑓𝑝𝑆𝐻 , using the above the
live to dead weight ratios is seen in equation (49) and (50).
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Figure 5.12 Theoretical Bridge Layout. Schematic is used to determine the dead and live load
ratios.
Table 5.5 Dead and Live Load Values for Theoretical Bridge Layout.

Dead Weight on Piles

Self Weight
Pile Bent
Beams
Deck

Area
14 in * 14 in
30 ft * 30 in
3(8 in * 20 in)
8 in * 48 ft

Live Weight on Piles
Truck Load HL-93
Lane Load
64 psf
Total =

72
51.2
123 kip
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Length
75 ft
30 in
20 ft
20 ft
Total =

V*0.15 k/cf =
kip
184
338
120
1152
1793 kip

𝛥𝑓𝑝𝑆𝐻 = 𝑛𝐾𝐶𝑅 (𝑓𝑐𝑠 − 𝑓𝑐𝑠𝑑 )

(49)

where 𝐾𝐶𝑅 = 2 𝑓𝑜𝑟 𝑛𝑜𝑟𝑚𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒
𝑓𝐶𝑆𝐿𝑅 = 1265 𝑝𝑠𝑖
𝑓𝑐𝑠𝑑(𝑎𝑙𝑙 𝑔𝑟𝑎𝑑𝑒𝑠) =

𝑓𝐶𝑆2205 = 1140 𝑝𝑠𝑖 𝑓𝐶𝑆316 = 840 𝑝𝑠𝑖

𝑃𝐷𝐿
𝐴𝑐

=

465 𝑘𝑖𝑝
196 𝑖𝑛2

= 2,372 𝑝𝑠𝑖

(50)

Note that the stress due to dead load is in compression, not tension, therefore the stresses are
added to one another for columns. Losses are reduced for all grades with lower MOE and lower
prestress.
𝛥𝑓𝑝𝐶𝑅𝐿𝑅 =

28.5
3.6

𝛥𝑓𝑝𝐶𝑅2205 =
𝛥𝑓𝑝𝐶𝑅316 =

2(1265 + 2372) = 57,600 𝑝𝑠𝑖

25.2
3.6

20.5
3.6

(51)

2(1140 + 2372) = 49,170 𝑝𝑠𝑖

2(840 + 2372) = 36,580 𝑝𝑠𝑖

5.4.4 Relaxation
Relaxation losses are dependent on (1) removal of residual stresses, accounted for in the
numerator of the log term of equation (52) below, (2) yield strength, and (3) reduced initial
prestressing loss and the intensity of the initial prestressing. This is represented by the ratio of
initial stress to yield stress term in equation (52). Relaxation losses for a typical 14 in square
prestressed pile using low relaxation strand would be 1670 psi.
𝑓𝑝 𝑅 = 𝑓 ′ 𝑝𝑖
𝑓𝑝 𝑅 = 162

′
log 𝑡 𝑓 𝑝𝑖
(
45
𝑓𝑝𝑦

− 0.55)

(52)

log 10,000 162
45

(243 − 0.55) = 1,670 𝑝𝑠𝑖
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In 10,000 hours, or approximately 14 months, this pile would lose 1,670 psi of prestressing
due to relaxation losses.

With all other aspects equal, a stress relieved strand loses

approximately four times the prestressing compared to a low relaxation strand, or approximately
5,890 psi related to this factor alone (stress relieved versus low relaxation) for the example pile.
There is a significant reduction of relaxation losses if the strand is both heat treated and
prestretched in the manufacturing process. While this technology is available for the semimagnetic Duplex 2205 steel, these calculations will assume the worst case scenario of non-heat
treated strand. The low relaxation effect is accounted for in the numerator of equation (52),
typically 45; however, for non-low-relaxation strands a numerator of 10 is used [64].
With regards to yield strength, the Duplex 2205 steel has an ultimate strength of 240 ksi,
if the same number of strands are used as with grade 270 it produces a pile of similar, but slightly
less (11%) axial strength. When 75% of the ultimate strength is allowed in the duplex, a jacking
force of 27.5 kip per strand (180 ksi) or 220 kip per pile for an eight strand layout has a 28 kip
lower overall capacity than typical. However, higher initial prestress equates to less cracking
during driving. As such the Duplex 2205 and grade 270 are comparable, however, note the large
reduction in capacity for the 316 (equation (53)).
An eight strand layout may not be an option for grade 316 as reasonable effective
prestress cannot be developed. If relaxation is more of a concern than cost savings, a twelve
strand option might be desirable for duplex grade as it would help offset relaxation losses due to
a smaller initial stress to yield stress ratio. Notice the effect of this ratio is with respect to its
value above 55% of stress intensity (f’pi/fpy - 0.55), this is because relaxation has been shown to
be insignificant below approximately 50% stress intensity.
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Terms in equation (52) that quantify the effects of stress relieving and stress intensity
have been discussed, this leaves the last aspect of interest, f’pi, the reduced initial prestressing
force for scrutiny. For the control pile, 31 kips are applied to each strand (FDOT Standards),
resulting in an initial stress of 203 ksi represented by the term fpi. The reduced initial stress,
which is 80% fpi used to determine relaxation losses is f’pi= 162 ksi. A reduced value of fpi is used
because the majority of the prestress loss occurs in the first few days, this factor was determined
by Ghali and Trevino in 1985. Note that use of this reduction factor for stainless grades is
conservative, as ductile materials relax quicker, the reduced initial stress, f’pi, to match long term
relaxation behavior would likely be lower.
𝑓𝑝𝑅2205 = 144
𝑓𝑝𝑅316 = 108

log 10,000 144
10

(220 − 0.55) = 6,020 𝑝𝑠𝑖 Initial Prestress: 1,120psi

log 10,000 108
10

(180 − 0.55) = 2,160 𝑝𝑠𝑖

(53)

Initial Prestress: 840 psi

The relaxation of the Duplex 2205 strands at 6,020 psi is three and a half times, or 4,350
psi, greater than the relaxation losses for grade 270. The duplex has a slightly less stressed pile
as the capacity was reduced 11% to stay within two constraints: 75% of ultimate initial stress and
an eight strand layout. The relaxation losses for Duplex 2205 are calculated with a reduced initial
stress where f’pi = 0.80(180 ksi) =144 ksi. The yield strength for the Duplex at 1% elongation is 220
ksi, used in equation (53). This results in the f’pi/fpy ratio to be unnecessarily high because f’pi
should be lower for more ductile materials than the 80% of fpi taken for high strength steels.
A reasonable value for the denominator (10 in equation (53)) should also be determined
as Duplex 2205 steel is heat treatable. The lower stress state (11% lower) offset a portion of
these losses, otherwise losses due to this component would have been higher. Reducing the
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denominator from 45 to 10 resulted in an additional 5,890 psi of losses alone. In conclusion,
relaxation of duplex steel using the empirical formulas for a more rigid steel would result in losses
more than three times that of low relaxation grade 270 steel, 1,670 psi and 6,020 psi.
5.4.5 Shrinkage
According to Nawy [69] an estimated 80% of prestress loss due to shrinkage takes place
in the first year. Shrinkage loss occurs as the concrete cures and the volume decreases, this shift
in mass releases the compression induced by the strands. Concrete shrinkage is a function of
many factors including environmental factors such as temperature and humidity, concrete
properties and curing techniques. ACI 318-14 did not provide detail for calculating prestress
losses, therefore the PCI equation presented in Nawy’s text is used to calculate shrinkage loss.
𝑉

𝛥𝑓𝑝𝑆𝐻 = 8.2 ∗ 10−6 𝐾𝑆𝐻 𝐸𝑝𝑠 (1 − 0.06 𝑆 ) (100 − 𝑅𝐻)

(54)

The default value for KSH is 1 and represents the time between the end of moist curing
and application of prestress. EPS is the Young’s modulus. The next term represents the volume to
surface ratio in inches and can range from one to six typically, a value of two can be assumed for
a pile or beam. The RH factor is the relative humidity, for areas along the coast from the USMexico border on the Gulf of Mexico up to New York on the Atlantic coast a RH value of 75% is
used.
𝛥𝑓𝑝𝑆𝐻𝐿𝑅 = 8.2 ∗ 10−6 (1)(28,000,000)(1 − 0.06(2))(100 − 75) = 5,050 𝑝𝑠𝑖
The only value that changes with stainless steel is the MOE of the steel, using the 25,200 ksi for
Duplex 2205 and the 20,500 ksi for 316, the following losses due to shrinkage are calculated:
𝛥𝑓𝑝𝑆𝐻2205 = 4,550 𝑝𝑠𝑖

𝛥𝑓𝑝𝑆𝐻316 = 3,700 𝑝𝑠𝑖
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5.4.6 Summary of Prestress Losses
Grade 270 and Duplex 2205 have comparable pile capacities, but note in Table 5.6 and
Table 5.7 that the pile for 316 strand is not directly comparable when capacity is considered. The
eight strand layout has a 33% smaller axial capacity. These losses should have disadvantaged the
Duplex due to the relaxation component; however, the low MOE of the 2205 was an advantage
in the remaining categories. With stress relieving, the Duplex 2205 will have an advantage
compared to the grade 270 steel with respect to prestress losses.
Table 5.6 Prestress Loss in Piles

MOE
(ksi)

Yield
(ksi)

Starting
Prestress
Level
(psi)

Grade 270

28,500

245

1,270

830

440

34%

Duplex
2205

25,200

220

1,120

730

390

34%

316

20,500

180

840

570

270

32%

Properties

Prestress
Stress
Level at 14
Loss
Months
(psi)
(psi)

% Loss

Table 5.7 Prestress Losses in Strands

Grade
270
Duplex
2205
316

Starting
Stress in
Elastic
Strand
Shortening
(psi)

Losses (psi)
Relaxation
Creep
@ 10,000 Shrinkage
hrs

202,000

10,000

52,800

1,670

5,050

69,520

132,480

180,000

7,980

44,940

6,020

4,550

63,490

116,510

135,000

4,780

33,140

2,160

3,700

43,780

91,220
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Total

Stress
14
Months
(psi)

The axial capacities and corresponding bending capacities shown in the interaction
diagrams in Figures 5.8 and 5.9 (Duplex 2205) indicate that the pile capacity is essentially
unchanged, with regards to the 316, the bending strength is reduced by approximately 34%. The
prestress losses, if stress relieved would be less than (therefore better than) the 1080 grade. It
is suggested that an 18 in pile be used for comparison as future work as this is FDOT default for
smaller pile sizes.

113

CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS
Is high strength stainless steel strand suitable for prestressing strands in piles and will its
application increase the service life of our bridges to 100 years? To answer this question, several
more specific questions must be answered first.
6.1 Research Questions
If stainless can provide a 100 year service life, will the service life of the bridge be
extended proportionately? Yes. Bridge decks where deicing chemicals are placed and elements
which cross the waterline (piles) are the weak link in the infrastructure. Good quality concrete
easily maintains a service life of over 75 years and as such the corrosion of the steel used within
the concrete piles is currently the culprit causing deterioration of the bridges.
Does HSSS have a projected service life of 100 years? The research, while promising, does
not state a clear projection of service life for HSSS. Several grades of HSSS successfully passed
stress corrosion cracking studies (except for Nurnberger for the 300 series [33]) and the duplex
grades performed better than other stainless families. Stranding was not an issue for the duplex
grades but might be an issue for other grades of stainless, See Section 2.3 HSSS as Prestressing
Strand through 2.4 for detailed discussion on SCC results of Moser and Fernandez. While certain
aspects could not be directly compared, it is promising that two case studies on structures from
different research institutes concluded that Duplex 2205 had the superior corrosion resistance
and that stainless steels are approximately ten times more resistant than plain carbon steels
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inferring much longer service lives than the current state of the art practice using plain carbon
strands.
Are HSSS suitable to be used in piles from a mechanical property perspective? Yes, but
there are three aspects that should be noted. The first is the low strength of the austenitic grades
(300 series). Type 316 has approximately 67% of the strength of grade 270, with this constraint,
uses might be limited to structures where upfront cost is not a driving factor, as more strands
would be required when used in place of Grade 270 steel. Secondly, HSSS have a lower MOE and
experience more ductility during the early loading phases but will not experience as much total
yielding before rupture. Grade 270 has an ultimate ductility of approximately 6-8% whereas
Duplex 2205 had the lowest ultimate ductility of HSSS at 2%. This aspect of design requires
additional design/code research to develop standards or criteria to assure failure mode is ductile.
The third consideration is that most stainless steels cannot be heat treated in induction furnaces
resulting in higher relaxation rates. The duplex grades can be stress relieved which provides a
slight advantage. If designated as “low-relaxation” they would outperform grade 270 with
regards to prestress losses.
If the strand has acceptable corrosion resistance and mechanical properties, can current
design guides such as ACI-318-14, PCI and AASHTO be applied? HSSS strand has been shown to
meet these requirements by both Paul [43] and Mullins [36] with regards to strength and transfer
lengths, respectively. However, because HSSS does not meet ASTM A416, it does not meet the
requirements of the design codes. The portions of ASTM A416 that the stainless strands do not
satisfy are relaxation rates, strength requirements and minimum ultimate strain. However, since
the overarching behavior is similar, these materials could be incorporated into the design guides.
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The most crucial aspect for future researchers to consider would be limits on strain compatibility
and maximum allowable strains in HSSS due to the lower ultimate strain.
Are there constructability concerns with using HSSS strands in place of Grade 270? The
issues encountered were: three month lead time on obtaining the duplex steel, stainless steel
confinement and ties are required and unravelling was a small concern at the cuts for the nonstress relieved grades. Otherwise, there were no issues with constructability.
6.2 Suggested Additional Research
Pilot studies on Duplex 2205 should be considered and performed as done in Hawaii and
Georgia, but researchers should also look at the low ductility aspect on the stress-strain diagram
and confirm that the current ACI 318-14 standards have enough conservatism built in for a less
ductile steel. It is a serious concern and cannot be understated: 1% extension is used for yield
strength and the metal fractures at 2% extension. Suggestions for further research:
An Arrhenius relationship should be developed for stainless grades, specifically targeted
to the Duplex 2205 and Type 316. Currently it is only conjecture that can project the service life
of HSSS to the 100 year mark.
The stress corrosion cracking (SCC) test procedures assumed wires and not strands. A
study to determine a SCC test procedure for seven wire strand would be useful.
Are HSSS strands the greener option? Stainless could double service life, but HSSS have
18-22% chromium and 2-10% nickel and duplex grades must currently must be sourced from
Australia. On the other hand, the concrete mix design would not require as many additives such
as corrosion inhibitors, water-reducers, etc. There are a plethora of variables to consider before
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assuming stainless is more sustainable than Grade 270, a software such as Life 365 should be
applied.
Regarding cost competitiveness, stainless has an advantage; however, the research needs
both breadth and depth. A cost analysis using case studies for Grade 270 including major repairs
compared with the cost for using alternative materials (HSSS, FRP and HPC) should be completed.
According to the SHA study, owners did not have access to digestible information and were
dismissive of new options. A comprehensive study of these should be performed including
second order costs such as: municipal personnel and resources, maintenance of traffic, wear and
tear and time loss for citizens and possible business impacts. A plan for communicating these
costs could provide clients with options and they could drive design towards increasing the life
of our infrastructure.
Relaxation loss formulas could be developed for HSSS grades (purely material science).
Within the context of design, the relaxation prestress loss formula could be updated to include
an option for stainless grades as well as a new reduced prestress stress (f’pi see Section 6.4.4).
Curve fitting using multiple methods for comparison for HSSS stress-strain curves should
be completed. For example, if the Ramberg-Osgood method or the Power Formula was
applicable, then a better estimate for yield strength could be reached than 1% extension.
While transfer length was not adversely affected, it was apparent that the methods
established to predict transfer length were not applicable to stainless. The two primary factors
considered which did not corroborate the current research were: (1) higher circumference is the
most influential factor in transfer length and (2) the Hoyer Effect should have resulted in shorter
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transfer lengths for the stainless all around, but only the Duplex 2205 had a shorter transfer
length (larger circumference and higher Hoyer Effect).
A two inch cover was assumed in order to fully transfer the force to the concrete [67,68];
however, this may be “practice as usual” and if cover could be reduced further for stainless,
transfer of force may control cover instead of chloride conveyance.
Lastly, and most importantly, the codes should be scrutinized and suggestions made for
implementing HSSS strands.

The ASTM A416 standard should be updated or an additional

standard should be required for HSSS strand use. This standard should be driven ultimate strain
and likely with variable strength/grade options since 316 is the most widely available but not the
best candidate. ACI-318, AASHTO and PCI codes should incorporate an option for stainless, code
developers must consider yield strength definitions and strain levels carefully.
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APPENDIX A: PILE DESIGN CALCULATIONS
The subscript LR is for low relaxation steel and the subscript SS is for stainless steel, please
see list of nomenclature for additional variable identification.
𝑓 ′ 𝑐 = 6 𝑘𝑠𝑖 𝐸𝑐 = 4,415 𝑘𝑠𝑖; 𝐸𝐿𝑅 = 28,500 𝑘𝑠𝑖; 𝐸𝑆𝑆 = 24,000 𝑘𝑠𝑖
𝑓𝑝𝑢𝑆𝑆 = 240 𝑘𝑠𝑖; 𝑓𝑝𝑢𝐿𝑅 = 270 𝑘𝑠𝑖
𝑓𝑝𝑒𝑆𝑆 = .84𝑓𝑝𝑢 − 35 𝑘𝑠𝑖; 𝑓𝑝𝑒𝑠𝑠 = 167 𝑘𝑠𝑖

(1)

𝑓𝑝𝑒𝐿𝑅 = .84𝑓𝑝𝑢 − 20 𝑘𝑠𝑖; 𝑓𝑝𝑒𝐿𝑅 = 207 𝑘𝑠𝑖

(2)

Lump sum prestress losses were assumed, as seen in equation (1) & (2). Yield strength for the

Duplex 2205 steel was based on the .2% offset method, as it was more conservative than the 1%
strain [44]. Strain compatibility using the Whitney Stress Block and β factor as a function of
concrete strength is assumed to be an accurate representation of the prestress model for piles.
𝑓𝑝𝑦𝑆𝑆 = 220 𝑘𝑠𝑖; 𝑓𝑝𝑦𝐿𝑅 = 245 𝑘𝑠𝑖
є𝑝𝑦𝑆𝑆 = 1.2%; є𝑝𝑦𝐿𝑅 = 1%; 𝐴𝑔 = 196𝑖𝑛2 ; 𝛽 = .75

𝐴𝐶𝐼 318 − 14

𝑇𝑎𝑏𝑙𝑒 22.2.2.4.3 (3)

Prestressed concrete design is based on strain compatibility. The strain values for yield,
modulus of elasticity and the distance of the strand being considered from neutral axis are all
critical elements. Below are the distances from the extreme compressive fiber in the pile, d1-3
for the three layers, they are illustrated in Figure 6.3 as well.
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𝐴𝑝𝑠𝑆𝑆 ≃. 157 𝑖𝑛2 𝐴𝑝𝑠𝐿𝑅 = .153𝑖𝑛2 𝑝𝑒𝑟 𝑠𝑡𝑟𝑎𝑛𝑑
𝑑1𝑆𝑆 = 11.375 𝑖𝑛; 𝑑1𝐿𝑅 = 10.375 𝑖𝑛

(4)

𝑑2𝑠𝑠 = 𝑑2𝐿𝑅 = 7 𝑖𝑛
𝑑3𝑠𝑠 = 2.625 𝑖𝑛; 𝑑3𝐿𝑅 = 3.625 𝑖𝑛

Figure A1 Moment Arm Distances
The concrete compressive capacity is calculated by:
𝐶 = .85𝑓′𝑐 𝐴𝑛𝑒𝑡 ≃ 993 𝑘𝑖𝑝 𝐴𝐶𝐼 318 − 14 𝐸𝑄 22.2.4.2.

(5)

To obtain the effective strain in the concrete, use Hooke’s Law
є𝑐𝑒 =

𝑓𝑝𝑒 𝐴𝑝𝑠

є𝑐𝑒𝐿𝑅 =

𝐸𝑐

𝑎𝑛𝑑

(6)

. 153𝑖𝑛2 (8) ∗ 207𝑘𝑠𝑖
= .0000368
4415𝑘𝑠𝑖 ∗ (14 ∗ 14) − 1.224)𝑖𝑛2
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𝑠𝑖𝑚𝑖𝑙𝑎𝑟𝑙𝑦 є𝑐𝑒𝑆𝑆 = .0000298

The effective strain in the strands:
є𝑝𝑒𝐿𝑅 = .007263 =

𝑓𝑝𝑒𝐿𝑅
𝐸𝐿𝑅

167 𝑘𝑠𝑖

є𝑝𝑒𝑆𝑆 = 24,000 𝑘𝑠𝑖 = .006958

(7)

Following the process outlined in Naaman [71], the resulting strain of the system є𝑝𝑠 for each
pile is:
є𝑝𝑠 = є𝑝𝑒 + (є𝑐𝑒 − є𝑐𝑢 );

є𝑝𝑠𝑆𝑆 = .0039878

є𝑝𝑠𝐿𝑅 = .0042998

(8)

Check the strain anticipated at maximum compression against the proportional limit for each
grade:
є𝑝𝑝𝑆𝑆 = .053 є𝑝𝑝𝐿𝑅 = .012

(9)

𝑓𝑝𝑠𝑆𝑆 = 𝐸𝑝𝑠𝑠𝑠 ∗ є𝑝𝑠𝑆𝑆 = 95.7 𝑘𝑠𝑖 𝑓𝑝𝑠𝐿𝑅 = 122.5 𝑘𝑠𝑖
It is assumed the proportional limit for the stainless steel is that reported by Paul;
however, the transition from linear to non-linear stress strain behavior is difficult to determine
and more research should be done to confirm the yield stress and proportional limits of stainless
steel. See Chapter 4 for discussion of these properties for the USF tests. Assuming that Hooke’s
Law is valid for the state of stress given, the compression force due to the stress of the tendons,
Tip present is:
𝑇𝑖𝑝 = 𝐴𝑝𝑠 𝑓𝑝𝑠

𝑇𝑖𝑝𝐿𝑅 = 149 𝑘𝑖𝑝

𝑇𝑖𝑝𝑆𝑆 = 120 𝑘𝑖𝑝

(10)

This force applies compression to the pile, therefore the compressive capacity of the piles is
reduced by the prestressing ƩTip.
𝑃𝑛,𝑜𝐿𝑅 = 993 − 122.5 = 8744 𝑘𝑖𝑝

𝑃𝑛,𝑜𝑆𝑆 = 872 𝑘𝑖𝑝

127

Using a strength reduction factor (Φ) of .75 (ACI 318-14 21.2.2) and maximum axial strength
reduction, λ for spiral confinement of .85 (ACI 318-14 Table 22.4.2.1), the corresponding point
on the interaction diagram for pure compression is:
𝛷𝑃𝑛,𝑚𝑎𝑥 = 𝛷𝜆𝑃𝑛,𝑜 𝛷𝑃𝑛,𝑚𝑎𝑥𝐿𝑅 = 538 𝑘𝑖𝑝

𝛷𝑃𝑛,𝑚𝑎𝑥𝑆𝑆 = 555 𝑘𝑖𝑝

(11)

These points can be seen in Tables 6.1 and 6.2 as well as on the interaction diagrams in
Figure 6.8 and 6.9 as the point of pure compression with no moment or eccentricity of load. The
axial capacity for stainless grades are higher due to the lower Young’s modulus and lower strains
throughout. For example because the yield strength is less, the concrete effective strain is less
(є𝑐𝑒 =

𝑓𝑝𝑒 𝐴𝑝𝑠
𝐸𝑐

) providing additional strain capacity, lowering strain in the system and when

multiplied by a lower MOE, less tension force equates to a higher axial capacity.
The second point on the interaction diagrams is the point of zero tension, where the
depth of the compression block, c = b = 14 in. This is because there is zero tension on one side
of the pile, defining the neutral axis.
Using similar triangles on the strain distribution diagram, we can determine the amount
of strain in each layer and reduce the compression capacity by Tip as before. The appendix has
the calculation for finding the change of strain in each layer in equations (12-14).
𝑑1 −𝑐

(𝛥є𝑝𝑠 )1𝐿𝑅 = є𝑐𝑒𝐿𝑅 + (

𝑐

) = −.0007400

є𝑐𝑒𝐿𝑅 = .0000368; є𝑐𝑢 = .003; 𝑐 = 14;

(12)
𝑑1 = 10.375

𝑑2 − 𝑐
(𝛥є𝑝𝑠 )2𝐿𝑅 = є𝑐𝑒𝐿𝑅 + (
) = −.0014632;
𝑐

𝑑2 = 7
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𝑑3 − 𝑐
(𝛥є𝑝𝑠 )3𝐿𝑅 = є𝑐𝑒𝐿𝑅 + (
) = −.0021864;
𝑐

𝑑3 = 3.625

For stainless steel, use the corresponding strain and depth to compression fiber values.

(𝛥є𝑝𝑠 )1𝑠𝑠 = є𝑐𝑒𝑠𝑠 + (

𝑑1 − 𝑐
) = −.0005327
𝑐

є𝑐𝑒𝑆𝑆 = −.0000298; є𝑐𝑢 = .003; 𝑐 = 14;

𝑑1 = 11.375

(13)

For the 2nd and 3rd layer of the Duplex stainless steel the distances are shown here.
𝑑2 = 7 𝑎𝑛𝑑 (𝛥є𝑝𝑠 )2𝑠𝑠 = −.0014702; 𝑑3 = 2.625 𝑎𝑛𝑑 (𝛥є𝑝𝑠 )2𝑠𝑠 = −.002407
This change of strain corresponds to an effective prestress of:
є𝑝𝑠1𝐿𝑅 = є𝑝𝑒𝐿𝑅 + (𝛥є𝑝𝑠 )1𝐿𝑅 = .006523
є𝑝𝑠 2𝐿𝑅 = .005800;

𝑤ℎ𝑒𝑟𝑒 є𝑝𝑒𝐿𝑅 = .007263 =

𝐸𝐿𝑅

(14)

є𝑝𝑠 3𝐿𝑅 = .005076

є𝑝𝑠1𝑆𝑆 = є𝑝𝑒𝑆𝑆 + (𝛥є𝑝𝑠 )1𝑆𝑆 =. .0064253
є𝑝𝑠 2𝑆𝑆 = .0054878;

𝑓𝑝𝑒𝐿𝑅

𝑤ℎ𝑒𝑟𝑒 є𝑝𝑒𝑆𝑆 = .006955 =

𝑓𝑝𝑒𝑆𝑆
𝐸𝑆𝑆

є𝑝𝑠 3𝑆𝑆 = .0045503

The corresponding tension force in each layer for the low relaxation steel is then
𝑇𝑝1𝐿𝑅 = 𝑛 ∗ 𝐴𝑝𝑠𝐿𝑅 ∗ 𝐸𝑃𝑆𝐿𝑅 ∗ є𝑝𝑠1𝐿𝑅 = 85.3 𝑘𝑖𝑝 𝑛 = 3 𝑓𝑜𝑟 𝑙𝑎𝑦𝑒𝑟 1
The number of strands in each layer is little n.
𝑇𝑝2𝐿𝑅 = 50.6 𝑘𝑖𝑝 𝑤ℎ𝑒𝑟𝑒 𝑛 = 2 𝑎𝑛𝑑 𝑇𝑝3𝐿𝑅 = 66.4 𝑘𝑖𝑝 𝑤ℎ𝑒𝑟𝑒 𝑛 = 3
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(15)

For the stainless steel tensile forces, the same method is used and the following tension in each
layer was calculated:
𝑇𝑝1𝑠𝑠 = 72 𝑘𝑖𝑝;

𝑇𝑝2𝑠𝑠 = 41 𝑘𝑖𝑝; 𝑇𝑝3𝑠𝑠 = 57 𝑘𝑖𝑝

The axial capacity for each pile type is then reduced by the amount of compression the total
prestressing force is applying to the pile. Both piles have the same compression capacity of
𝐶 = .85 ∗ 𝑓 ′ 𝑐 ∗ (𝑏 ∗ 𝑎) = 750 𝑘𝑖𝑝 𝑤ℎ𝑒𝑛 𝑏 = 14; 𝑎 = 𝛽1 ∗ 𝑐 𝑎𝑛𝑑 𝛽1 = .75; 𝑐 = 14

(16)

𝑃𝑛,0𝑡𝐿𝑅 = 𝐶 − Ʃ𝑇𝑖𝐿𝑅 = 750 − 202.3 = 547.5 𝑘𝑖𝑝; 𝑃𝑛,0𝑡𝑠𝑠 = 584 𝑘𝑖𝑝
𝛷𝑃𝑛,0𝑡𝐿𝑅 = 411 𝑘𝑖𝑝; 𝛷𝑃𝑛,0𝑡𝑠𝑠 = 439 𝑘𝑖𝑝
The moment capacity strength which developed by the couple moment of the resultant
compression block and tension force in each layer times the moment arm can be expressed as:
ℎ

𝑎

ℎ

𝑀𝑛0𝑡 = 𝐶 (2 − 2) + Ʃ𝑇𝑝𝑖 (𝑑𝑖 − 2)

(17)

A sample calculation for both the low relaxation and stainless steel is presented.
14 10.5
14
14
14
𝑀𝑛0𝑡𝐿𝑅 = 750 ( −
) + 85.3 (10.375 − ) + 50.6 (7 − ) + 66.4 (3.625 − )
2
2
2
2
2
𝑀𝑛0𝑡𝐿𝑅 = 1376 𝑘𝑖𝑝 ∗ 𝑖𝑛
14 10.5
14
14
14
𝑀𝑛0𝑡𝑠𝑠 = 750 ( −
) + 70.8 (11.375 − ) + 40.3 (7 − ) + 50.1 (2.625 − )
2
2
2
2
2
𝑀𝑛0𝑡𝑠𝑠 = 1404 𝑘𝑖𝑝 ∗ 𝑖n
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There is a slight increase in capacity in the moment strength of the stainless steel over
the Grade 270 steel. This can be attributed to larger moment arms due to the smaller (2 in vs 3
in) cover. The zero tension point is graphed in Figure 6.8 and 6.9.
For the balanced point condition, where є𝑝𝑠 = є𝑝𝑦 , c, or depth of the compression block,
can be calculated using similar triangles through equation (18).

Єps =.01 (LR)
Єcu =.003

Figure A2 Balance Point Strain Diagram
𝑐𝐿𝑅
𝑑𝑖𝐿𝑅 −𝑐𝐿𝑅

=є

є𝑐𝑢

(18)

𝑝𝑦𝐿𝑅 −є𝑐𝑒𝐿𝑅 −є𝑝𝑒𝐿𝑅

for low relaxation steel,
є𝑝𝑦𝐿𝑅 = .01;

є𝑐𝑒𝐿𝑅 = .0000368 є𝑝𝑒𝐿𝑅 = .007263

𝑐𝐿𝑅 = 5.46 𝑖𝑛

𝑎 = 4.09 𝑖𝑛

𝐶𝐿𝑅 = 292 𝑘𝑖𝑝

𝑐𝑆𝑆 = 4.25 𝑖𝑛

𝑎 = 3.19 𝑖𝑛

𝐶𝑆𝑆 = 228 𝑘𝑖𝑝

Using the new c value for the balanced condition, the new 𝛥є𝑝𝑠 for each row of steel can be
calculated.
𝑑1 −𝑐

(𝛥є𝑝𝑠 )1𝐿𝑅 = є𝑐𝑒𝐿𝑅 + (

𝑐

) = .0027373

(19)
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(𝛥є𝑝𝑠 )2𝐿𝑅 = .0008829

(𝛥є𝑝𝑠 )3𝐿𝑅 = −.0009714

for the 2205 Duplex stainless steel,
є𝑝𝑦𝑆𝑆 = .012;

є𝑐𝑒𝑆𝑆 = .0000298

(𝛥є𝑝𝑠 )1𝑆𝑆 = .0050421

є𝑝𝑒𝑆𝑆 = .006958

(𝛥є𝑝𝑠 )2𝑆𝑆 =. .001931

(𝛥є𝑝𝑠 )3𝑆𝑆 = −.001120

corresponding strains are:

є𝑝𝑠1𝐿𝑅 = є𝑝𝑒𝐿𝑅 + (𝛥є𝑝𝑠 )1𝐿𝑅 = .010000 [𝑠𝑒𝑙𝑓 𝑐ℎ𝑒𝑐𝑘 = є𝑝𝑦𝐿𝑅 ]
є𝑝𝑠 2𝐿𝑅 = .008146

𝑤ℎ𝑒𝑟𝑒 є𝑝𝑒𝐿𝑅 = .007263 =

𝑓𝑝𝑒𝐿𝑅
𝐸𝐿𝑅

є𝑝𝑠 3𝐿𝑅 = .006292

For 2205 Duplex grade, the strains are:
є𝑝𝑠1𝑆𝑆 = .012000 є𝑝𝑠

2𝑆𝑆

= .008889

є𝑝𝑠 3𝑆𝑆 = .005837

Note that є𝑝𝑠 1𝐿𝑅 is equal to the yield strain for the low relaxation steel and є𝑝𝑠 1𝑆𝑆 is the yield
strain for the stainless steel. This is confirmation the calculations are correct. The stress in each
corresponding layer is:
𝑓𝑝𝑠𝐿𝑅 = 𝐸𝑝𝑠𝐿𝑅 ∗ є𝑝𝑠𝐿𝑅

𝑓𝑝𝑠1𝐿𝑅 = 250 𝑘𝑠𝑖 𝑓𝑝𝑠2𝐿𝑅 = 232 𝑘𝑠𝑖

𝑓𝑝𝑠1𝑆𝑆 = 225 𝑘𝑠𝑖 𝑓𝑝𝑠2𝑆𝑆 = 213 𝑘𝑠𝑖

𝑓𝑝𝑠3𝐿𝑅 = 180 𝑘𝑠𝑖

(20)

𝑓𝑝𝑠3𝑆𝑆 = 140 𝑘𝑠𝑖

The associated tension in each layer of steel is:
𝑇𝑝1𝐿𝑅 = 114 𝑘𝑖𝑝;

𝑇𝑝2𝐿𝑅 = 71 𝑘𝑖𝑝; 𝑇𝑝3𝐿𝑅 = 82.3 𝑘𝑖𝑝

𝑇𝑝1𝑆𝑆 = 103 𝑘𝑖𝑝;

𝑇𝑝2𝑆𝑆 = 67 𝑘𝑖𝑝; 𝑇𝑝3𝑆𝑆 = 66 𝑘𝑖𝑝
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(21)

The balanced point compression capacity for low relaxation steel is
𝑃𝑛,𝑏𝐿𝑅 = 𝐶 − Ʃ𝑇𝑖𝐿𝑅 = 292 − 267 = 25 𝑘𝑖𝑝

(22)

where 𝐶 = .85 ∗ 𝑓 ′ 𝑐 ∗ (𝑏 ∗ 𝑎) = 292 𝑘𝑖𝑝 𝑤ℎ𝑒𝑛 𝑎 = 𝛽1 ∗ 𝑐 𝑎𝑛𝑑 𝑐 = 5.46
𝑃𝑛,𝑏𝑆𝑆 = 𝐶 − Ʃ𝑇𝑖𝐿𝑅 = 228 − 240 = −11 𝑘𝑖𝑝 (!)
where 𝐶 = 228 𝑘𝑖𝑝 𝑤ℎ𝑒𝑛 𝑐 = 4.259
The balanced point moment capacity for the low relaxation and stainless steel, is
respectively:
ℎ

𝑎

ℎ

𝑀𝑛,𝑏 = 𝐶 (2 − 2) + Ʃ𝑇𝑝𝑖 (𝑑𝑖 − 2)

(23)

𝑀𝑛,𝑏𝐿𝑅 = 1555 𝑘𝑖𝑝 ∗ 𝑖𝑛
𝑀𝑛,𝑏𝑠𝑠 = 1396 𝑘𝑖𝑝 ∗ 𝑖𝑛
The next point on the interaction diagram to calculate is the point of pure bending. Pure
bending occurs when Pn =0 and the location of the neutral axis is unknown. This is a trial and
error process, as such a spreadsheet was created to hone in on a solution that would yield
0 𝑘𝑖𝑝 ≃ |𝑃𝑛 |
The correct depth of neutral axis, 𝑐 = 5.1 𝑖𝑛
𝑑1 −𝑐

Δϵps1

𝐿𝑅

Δϵps2

𝐿𝑅

= є𝑐𝑒𝐿𝑅 + (
= .001154;

𝑐

10.375−5.1

) = .0000368 + (

Δϵps3

𝐿𝑅

5.1

= −.00083
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) = .00314

(24)

For stainless steel, the correct depth of neutral axis, 𝑐 = 4.3 𝑖𝑛 and the corresponding
change in strain is:

Δϵps1

𝑆𝑆

Δϵps2

𝑆𝑆

𝑑1 − 𝑐
11.375 − 4.3
= є𝑐𝑒𝑆𝑆 + (
) = .0000368 + (
) = .004966
𝑐
4.3
= .001914;

Δϵps3

𝑆𝑆

= −.00114

The change of strain for the low relaxation steel then becomes
є𝑝𝑠1𝐿𝑅 = є𝑝𝑒𝐿𝑅 + (𝛥є𝑝𝑠 )1𝐿𝑅 = .010403
є𝑝𝑠 2𝐿𝑅 = .008417

𝑤ℎ𝑒𝑟𝑒 є𝑝𝑒𝐿𝑅 = .007263

(25)

є𝑝𝑠 3𝐿𝑅 = .006432

The change of strain for the stainless steel then becomes
є𝑝𝑠1𝑠𝑠 = є𝑝𝑒𝑠𝑠 + (𝛥є𝑝𝑠 )1𝑠𝑠 = .011924
є𝑝𝑠 2𝐿𝑅 = .008872

𝑤ℎ𝑒𝑟𝑒 є𝑝𝑒𝑠𝑠 = .006958

є𝑝𝑠 3𝐿𝑅 = .005819

Then Hooke’s Law is applied to the layers where the strain is less than the proportional
limit strain. If the strain in the above steps is greater than the proportional limit strain, then the
following empirical formula is used. While this relationship has been proven adequate for 1080
steel, it should be redefined for the stainless steels.

𝑓𝑝𝑠 = 28,500 [. 01174 +

.98826
([1+(107.871∗𝜖𝑝𝑠 )

7.34 1⁄7.34

]

] where 𝜖𝑝𝑠𝐿𝑅 = .01 𝑎𝑛𝑑 𝜖𝑝𝑠𝑆𝑆 = .012 (26)

Therefore the stresses and forces associated with the strains above for low relaxation and
the duplex grade steels in each layer are:
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𝑓𝑝𝑠1𝐿𝑅 = 219 𝑘𝑠𝑖 𝑓𝑝𝑠2𝐿𝑅 = 213 𝑘𝑠𝑖

𝑓𝑝𝑠3𝐿𝑅 = 140 𝑘𝑠𝑖

𝑓𝑝𝑠1𝑆𝑆 = 225 𝑘𝑠𝑖 𝑓𝑝𝑠2𝑆𝑆 = 213 𝑘𝑠𝑖

𝑓𝑝𝑠3𝑆𝑆 = 140 𝑘𝑠𝑖

𝑇1𝐿𝑅 = 116 𝑘𝑖𝑝 𝑇2𝐿𝑅 = 73 𝑘𝑖𝑝 𝑇3𝐿𝑅 = 84 𝑘𝑖𝑝

(27)

(28)

𝑇1𝑠𝑠 = 103 𝑘𝑖𝑝 𝑇2𝑠𝑠 = 65 𝑘𝑖𝑝 𝑇3𝑠𝑠 = 64 𝑘𝑖𝑝
To calculate the Pn, which should be within 1 kip of zero, the concrete component of axial
strength is calculated with our initial c guesses of 5.1 in for low relaxation and 4.3 in for the 2205
Duplex stainless steel.
𝐶𝐿𝑅 = .85 ∗ 𝑓 ′ 𝑐 ∗ (𝑏 ∗ 𝑎) = 273 𝑘𝑖𝑝 𝑤ℎ𝑒𝑛 𝑏 = 14; 𝑎 = 𝛽1 ∗ 𝑐 𝑎𝑛𝑑 𝛽1 = .75; 𝑐 = 5.1 (29)
𝐶𝑆𝑆 = .85 ∗ 𝑓 ′ 𝑐 ∗ (𝑏 ∗ 𝑎) = 230 𝑘𝑖𝑝 𝑤ℎ𝑒𝑛 𝑏 = 14; 𝑎 = 𝛽1 ∗ 𝑐 𝑎𝑛𝑑 𝛽1 = .75; 𝑐 = 4.3
𝑃𝑛𝑏 = 𝐶 − Ʃ𝑇 => 𝑃𝐿𝑅 = 273 − 273 = 0 𝑎𝑛𝑑 𝑃𝑠𝑠 = 230 − 232 = −2 𝑘𝑖𝑝

(30)

Therefore, the c values are adequate.
ℎ

𝑎

ℎ

𝑀𝑛,𝑏 = 𝐶 (2 − 2) + Ʃ𝑇𝑝𝑖 (𝑑𝑖 − 2)

(31)

𝑀𝑛,𝑏 𝐿𝑅 = 1496 𝑘𝑖𝑝 ∗ 𝑖𝑛 𝑜𝑟 𝑎𝑝𝑝𝑟𝑜𝑥 125 𝑘𝑖𝑝 ∗ 𝑓𝑡
𝑀𝑛,𝑏 𝑆𝑆 = 1411 𝑘𝑖𝑝 ∗ 𝑖𝑛 𝑜𝑟 𝑎𝑝𝑝𝑟𝑜𝑥 117 𝑘𝑖𝑝 ∗ 𝑓𝑡
A tension controlled section should have a point of axial capacity and moment capacity
close to that of pure bending. This is because the tension controlled section is in considerable
bending – to the point that the failure mode is ductile and caused by an applied moment. When
the steel reaches a strain value of .005, cracking, deflection of the pile and spalling of the concrete
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will be seen on the tensile side of the pile before failure or crushing occurs on the compressive
side of the member.

ΔEps1 = .005
Єcu =.003

Figure A3 Tension Controlled Strain Diagram.
Set the change in steel stress Δ𝜖1𝑝𝑠𝐿𝑅 = .005 for compression controlled, the change of
stresses and resulting stress states which occur are as follows:
Δ𝜖1𝑝𝑠𝐿𝑅 = .005037 𝑎𝑛𝑑 є𝑝𝑠1𝐿𝑅 = .0123
Δ𝜖2𝑝𝑠𝐿𝑅 =. .002434 𝑎𝑛𝑑 є𝑝𝑠 2𝐿𝑅 = .009697
Δ𝜖3𝑝𝑠𝐿𝑅 = −.000168 𝑎𝑛𝑑 є𝑝𝑠 2𝐿𝑅 = .007095

Δ𝜖1𝑝𝑠𝑠𝑠 = .00503 𝑎𝑛𝑑 є𝑝𝑠1𝑠𝑠 = .011988
Δ𝜖2𝑝𝑠𝑠𝑠 = .001953 𝑎𝑛𝑑 є𝑝𝑠1𝑠𝑠 = .008911
Δ𝜖3𝑝𝑠𝑠𝑠 = −.00112 𝑎𝑛𝑑 є𝑝𝑠 3𝑠𝑠 = .005834
The stresses in each layer use the previous relationship already established,

𝑓𝑝𝑠 = 28,500 [. 01174 +

.98826
([1+(107.871∗𝜖𝑝𝑠 )

7.34 1⁄7.34

]

] where 𝜖𝑝𝑠𝐿𝑅 = .01 𝑎𝑛𝑑 𝜖𝑝𝑠𝑆𝑆 = .012 (37)
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𝑓𝑝𝑠1𝐿𝑅 = 261 𝑘𝑠𝑖 𝑓𝑝𝑠2𝐿𝑅 = 246 𝑘𝑠𝑖

𝑓𝑝𝑠3𝐿𝑅 = 202 𝑘𝑠𝑖

𝑓𝑝𝑠1𝑆𝑆 = 225 𝑘𝑠𝑖 𝑓𝑝𝑠2𝑆𝑆 = 214 𝑘𝑠𝑖

𝑓𝑝𝑠3𝑆𝑆 = 140 𝑘𝑠𝑖

The corresponding tension in each layer is
𝑇1𝐿𝑅 = 119 𝑘𝑖𝑝 𝑇2𝐿𝑅 = 75 𝑘𝑖𝑝 𝑇3𝐿𝑅 = 92 𝑘𝑖𝑝

(38)

𝑇2𝑠𝑠 = 105 𝑘𝑖𝑝 𝑇2𝑠𝑠 = 67 𝑘𝑖𝑝 𝑇3𝑠𝑠 = 66 𝑘𝑖𝑝
The c value for the compression controlled state is back calculated using similar triangles
to establish a change of strain of .005 in the tension steel. For low relaxation and stainless the c
values are calculated below:
𝑑 −𝑐

1
𝑐 = ( .002
) . 003 => 𝑐𝐿𝑅 = 3.89 𝑑𝑢𝑒 𝑡𝑜 𝑑1𝐿𝑅 = 10.375 𝑤ℎ𝑖𝑙𝑒 𝑐𝑠𝑠 = 4.26

(39)

𝑑𝑢𝑒 𝑡𝑜 𝑑1𝑠𝑠 = 11.375
and the compression is
𝐶𝐿𝑅 = 208 𝑘𝑖𝑝 𝑎𝑛𝑑 𝐶𝑠𝑠 = 228 𝑘𝑖𝑝 𝑎𝑛𝑑 Ʃ𝑇𝐿𝑅 = 288 𝑘𝑖𝑝 𝑎𝑛𝑑 Ʃ𝑇𝑠𝑠 = 230𝑘𝑖𝑝

(40)

𝑃𝑛𝑡𝑐𝐿𝑅 = −80 𝑘𝑖𝑝

(41)

ℎ

𝑎

𝑎𝑛𝑑

𝑃𝑛𝑡𝑐𝑆𝑆 = −10 𝑘𝑖𝑝
ℎ

𝑀𝑛,𝑡𝑐 = 𝐶 (2 − 2) + Ʃ𝑇𝑝𝑖 (𝑑𝑖 − 2)

(42)

𝑀𝑛,𝑡𝑐 𝐿𝑅 = 1245 𝑘𝑖𝑝 ∗ 𝑖𝑛 𝑜𝑟 𝑎𝑝𝑝𝑟𝑜𝑥 104 𝑘𝑖𝑝 ∗ 𝑓𝑡
𝑀𝑛,𝑡𝑐 𝑆𝑆 = 1408 𝑘𝑖𝑝 ∗ 𝑖𝑛 𝑜𝑟 𝑎𝑝𝑝𝑟𝑜𝑥 117 𝑘𝑖𝑝 ∗ 𝑓𝑡
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The same series of calculations have been performed using 316 stainless steel. The
material properties used and rational are discussed.

The MOE used for these calculations is

16,470 𝑘𝑠𝑖, the corresponding yield strength is 150 ksi.
The eight strand configuration is used in the calculations below (same as for Duplex 2205
above).
𝑓𝑝𝑒316 = .84𝑓𝑝𝑢 − 35 𝑘𝑠𝑖;
є𝑐𝑒𝑆𝑆 = .000153;

є𝑝𝑒316 = .006497 =


𝑓𝑝𝑒𝑠𝑠 = 107 𝑘𝑠𝑖

𝑤ℎ𝑒𝑟𝑒 𝑓𝑝𝑢 = 170 𝑘𝑠𝑖

(43)

.153𝑖𝑛2 (8)∗107𝑘𝑠𝑖

є𝑐𝑒𝐿𝑅 = 4415𝑘𝑠𝑖∗(14∗14)−1.224)𝑖𝑛2
𝑓𝑝𝑒316

𝑤ℎ𝑒𝑟𝑒 𝐸316 = 16,470 𝑘𝑠𝑖

𝐸316

(44)

Pure Bending
𝑐316 = 3.25 𝑖𝑛 ; 𝐶316 = 174 𝑘𝑖𝑝; Ʃ𝑇316 = 182 𝑘𝑖𝑝;
𝑃𝑛𝑏316 = 0;



𝑀𝑛𝑏316 = 89 𝑘𝑖𝑝 ∗ 𝑓𝑡

Compression Controlled
𝑐316 = 6.225 𝑖𝑛 ; 𝐶316 = 333 𝑘𝑖𝑝; Ʃ𝑇316 = 141 𝑘𝑖𝑝;

𝑃𝑛𝑐𝑐316 = 192 𝑘𝑖𝑝;

𝑀𝑛𝑏316 = 137 𝑘𝑖𝑝 ∗ 𝑓𝑡


Tension Controlled
𝑐316 = 3.89 𝑖𝑛 ; 𝐶316 = 208 𝑘𝑖𝑝; Ʃ𝑇316 = 165 𝑘𝑖𝑝;
𝑀𝑛𝑏316 = 103 𝑘𝑖𝑝 ∗ 𝑓𝑡
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𝑃𝑛𝑐𝑐316 = 49 𝑘𝑖𝑝;



Pure Compression
𝑐316 = 𝑖𝑛𝑓𝑖𝑛𝑖𝑡𝑒 ; 𝐶316 = 992 𝑘𝑖𝑝; Ʃ𝑇316 = 122 𝑘𝑖𝑝;



𝑃𝑛𝑜316 = 627 𝑘𝑖𝑝

Zero Tension
𝑐316 = 14 𝑖𝑛 ; 𝐶316 = 750 𝑘𝑖𝑝; Ʃ𝑇316 = 101𝑘𝑖𝑝;

𝑃𝑛0𝑡316 = 650 𝑘𝑖𝑝;

𝑀𝑛0𝑡316 = 112 𝑘𝑖𝑝 ∗ 𝑓𝑡


Balance Point
𝑐316 = 5.002 𝑖𝑛 ; 𝐶316 = 269 𝑘𝑖𝑝; Ʃ𝑇316 = 151 𝑘𝑖𝑝;

𝑃𝑛𝑏316 = 118 𝑘𝑖𝑝;

𝑀𝑛𝑏316 = 120𝑘𝑖𝑝 ∗ 𝑓𝑡
An additional twelve strand configuration is needed for the 316 due to the lower strength
of the strands (Figure 6.10). This changes the effective compressive stress, 𝜖𝑐𝑒 , and the number
of layers (4 layers) and the number of strands in each layer (4,2,2,4) which will effect both axial
and bending capacity. It will affect the number of layers and moment arm distance between
each layer and the extreme compression fiber.
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Figure A4 Twelve Strand Configuration for 316. (a) actual pile configuration for 12 strands (b)
theoretical configuration for 12 strands using 2 in cover instead of 3" cover. Note the spacing is
for practicality sake is 3"-2.75"-3" (as opposed to equally spaced 2.917").
𝑑1 = 11.375 𝑖𝑛
𝑑2 = 8.375 𝑖𝑛
𝑑3 = 5.625 𝑖𝑛
𝑑4 = 2.625 𝑖𝑛
The distance should close out with 𝑑 4 + 𝑑1 = 14in (check).


Pure Bending
𝑐316 = 4.48 𝑖𝑛 ; 𝐶316 = 239 𝑘𝑖𝑝; Ʃ𝑇316 = 239 𝑘𝑖𝑝;
𝑃𝑛𝑏316 = 0;



𝑀𝑛𝑏316 = 117 𝑘𝑖𝑝 ∗ 𝑓𝑡

Compression Controlled
𝑐316 = 6.825 𝑖𝑛 ; 𝐶316 = 365 𝑘𝑖𝑝; Ʃ𝑇316 = 221 𝑘𝑖𝑝;
𝑃𝑛𝑐𝑐316 = 144 𝑘𝑖𝑝;

𝑀𝑛𝑏316 = 146 𝑘𝑖𝑝 ∗ 𝑓𝑡
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Tension Controlled
𝑐316 = 4.265 𝑖𝑛 ; 𝐶316 = 228 𝑘𝑖𝑝; Ʃ𝑇316 = 242 𝑘𝑖𝑝;
𝑃𝑛𝑐𝑐316 = −13 𝑘𝑖𝑝;



𝑀𝑛𝑏316 = 113 𝑘𝑖𝑝 ∗ 𝑓𝑡

Pure Compression
𝑐316 = 𝑖𝑛𝑓𝑖𝑛𝑖𝑡𝑒 ; 𝐶316 = 750 𝑘𝑖𝑝; Ʃ𝑇316 = 137 𝑘𝑖𝑝;



𝑃𝑛𝑜316 = 612 𝑘𝑖𝑝

Zero Tension
𝑐316 = 14 𝑖𝑛 ; 𝐶316 = 750 𝑘𝑖𝑝; Ʃ𝑇316 = 182 𝑘𝑖𝑝;
𝑃𝑛0𝑡316 = 567 𝑘𝑖𝑝;



𝑀𝑛0𝑡316 = 116 𝑘𝑖𝑝 ∗ 𝑓𝑡

Balance Point
𝑐316 = 9.88 𝑖𝑛 ; 𝐶316 = 530 𝑘𝑖𝑝; Ʃ𝑇316 = 198 𝑘𝑖𝑝;
𝑀𝑛𝑏316 = 154 𝑘𝑖𝑝 ∗ 𝑓𝑡

141

𝑃𝑛𝑏316 = 330 𝑘𝑖𝑝;

APPENDIX B: COPYRIGHT PERMISSIONS
The permission below is for use in Chapter 3.
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The permission below is regarding the personal correspondence referenced in Chapter 1
provided by Lawrence Khan, Ph.D.
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The following permission is with regards to reusing pictures and figures previously used
in a technical report to the Florida Department of Transportation, these figures can be found in
Chapter 2 and Chapter 3.
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